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Additive manufacturing (AM) enables freedom of design, part complexity and customization 
with minimal added cost, light weighting, design for function, and part consolidation. It is 
gaining increasing interests in the fields of biomedical, aerospace, automotive, tooling, and heat 
exchange systems where small batch productions of customized parts with high value are usually 
in demand. AM, in general, is considered to have great potential in complementing conventional 
manufacturing methods. Functional parts with high strength to weight ratio generated using 
structural topology optimization can be eventually realized by AM. Limitations of AM parts 
related to surface finish and dimensional accuracy are likely to be overcome by post-machining 
of critical features and surfaces in order to achieve specific tolerance and surface quality. To 
minimize trial and error efforts, AM and post-machining simulations are essential for effective 
planning of the synergized processes. The goal of this study is to propose a process workflow 
which can be used as a guideline for successful production of complex parts manufactured via 
AM, particularly laser powder bed fusion (LPBF), and post-processed via CNC (computer 
numerical control) machining. The workflow is deployed and iterated through a case study of 
manufacturing a surgical navigation tracker, where the holistic manufacturing process involves 
digital design utilizing structural topology optimization, AM simulation, machining planning, 
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Chapter 1  
Introduction 
Additive manufacturing (AM) has received growing attention from industry. This is in part 
attributed to the fact that geometric complexity can be achieved with ease, whereas conventional 
manufacturing methods have restrictions in terms of fabrication of geometries. Also, owing to 
the tool-less nature of the process, AM has advantages in small batch production of high value 
added customized components. Laser powder bed fusion (LPBF), a type of AM, utilizes a laser 
beam to successively melt layers of metal powders to form a near-net shape part. The quality of 
AM parts is sensitive to print parameters and materials of choice. Inherently, poor surface finish, 
geometric distortion due to thermal induced residual stress, and anisotropic properties are 
commonly observed in AM parts. As result, in order to produce complex parts with high 
precision features such as mating surfaces and threaded holes, it is desired to post-machine 
critical features on an AM part to achieve the required dimensional tolerance. Simulation of the 
AM process to predict geometric distortion is essential in order to make geometric compensation 
and to plan for machining allowance. 
AM offers design potentials such as consolidation of assemblies, integration of lattice structures 
for light weight parts, realization of structural topology optimization for high strength to weight 
ratio components, and customization of part design. AM has growing applications in automotive, 
aerospace and biomedical sectors due to the unique design possibilities. There is also an 
increased need to streamline strategies for design optimization with considerations for AM and 
post-processing constraints. 
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In order to holistically utilize the capabilities of AM and SM (subtractive manufacturing), hybrid 
manufacturing solutions have been proposed in literature and industry, which can be mainly 
categorized into an integrated process alternating between AM and SM or a separated AM 
process followed by SM. Manufacturing constraints related to the AM process include overhang 
and support structures, part size, geometric distortion, powder evacuation from internal holes, 
etc. Challenges of post-machining of AM products include machine tool accessibility, machining 
allowance and trajectories planning, datum selection, fixturing methods for complex near-net-
shape parts, vibration minimization under cutting forces, variable properties, etc. As a result, 
thorough process planning for the synergized AM and SM process is essential in order to 
minimize trial and error attempts and scrap parts.  
1.1 Problem statement 
For the successful design and fabrication of complex components, it is important to foresee as 
many of the manufacturing challenges as possible at the design stage. As such, there is a need for 
a harmonized digital workflow of the additive manufacturing and post-machining processes as a 
guideline for product design optimization and process planning. 
1.2 Motivation and objectives 
The motivation behind this thesis is to generate a workflow for synergistically combining AM 
and post-machining for highly complex geometries achievable via LPBF. The following 
objectives are of interest in this study: CAD design utilizing topology optimization, AM process 
simulation, machining planning, fabrication, and part validation. The goal is to be able to deploy 
and iterate on the workflow through a case study of manufacturing a surgical tool using AM 
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followed by post-machining in order to produce a part which fulfils all functional and 
dimensional specifications.   
1.3 Thesis outline 
In Chapter 2, a literature review is presented on the LPBF technology as well as design 
potentials, especially structural topology optimization and challenges related to the process. A 
brief overview is provided on the applications of AM in biomedical implants and surgical tools. 
In the same chapter, a component of a surgical navigation system (tracker) is introduced with the 
potential to redesign the part for AM and post-machining. Existing AM and SM synergy 
strategies in the literature are explored. Major challenges for post-machining AM parts are 
identified through the review of case studies. Several distortion simulation models are reviewed. 
On the machining side, the focus of this study is to minimize chatter during machining through 
chatter stability analysis. As a result, the experimental method which is usually used in the 
identification of cutting force coefficients and a simple zero order analytical solution for 
predicting chatter stability are explained. Based on the literature review of different aspects of 
AM and SM processes, a synergized AM and SM process workflow is proposed. 
In Chapter 3, general properties of AM parts including powder size distribution, surface 
roughness, hardness, and porosity are obtained via experiments on AM artifacts. These 
properties have influence on the performance and machinability of the AM part. 
In Chapter 4, design considerations for AM are addressed with the focus on structural topology 
optimization, AM build setup, geometric distortion simulation, and validation of geometric 
distortion of printed part via 3D optical scanning. It is important to design a part that is not only 
optimized functionally but also for manufacturing. A reliable distortion prediction model is 
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useful in finding optimum AM build parameters for distortion minimization, making geometric 
compensation and efficient planning for machining allowance.  
In Chapter 5, design and manufacturing considerations for machining are presented. Firstly, 
cutting force coefficients are identified for the specific AM material and cutter, as they are key 
for cutting force prediction, vibration analysis and surface quality prediction. Next, modal 
analysis is performed on the cutter in order to determine the vibratory behavior of the cutter. 
With the cutting force coefficients and vibratory performance of the cutter, chatter stability lobes 
are generated for the cutting in order to plan for the chatter free depth of cut and spindle speed 
while ensuring productivity. Chatter stability of the workpiece mounted on the CNC machine by 
two fixturing methods are also compared.  
Chapter 6 describes the actual AM and post-machining fabrication process of the demonstrator 




Chapter 2  
Background and Literature Review 
2.1 Laser powder bed fusion (LPBF) technology overview 
2.1.1 Description of LPBF technology 
The ASTM F42 Technology Committee defines the additive manufacturing (AM) technology as 
“a process of joining materials to make objects from 3D models data, usually layer upon layer, as 
opposed to subtractive manufacturing methodologies” [1]. The AM process is started directly 
with a 3D CAD file, which is usually in STL format. The STL file is imported into a specific 
software such as Magics RP® by Materialise, Viscam® by Marcam, and Netfabb® by FIT, 
where it is pre-processed [2]. During pre-processing, depending on the type of AM process, the 
part is oriented for building and support structures are generated under overhangs or local 
minima for the purpose of part anchoring, weight supporting, or heat sinking. Afterwards, the 3D 
CAD model and the support structures are sliced into layers with specified layer thickness. 
Based on factors such as the form of feedstock materials, material deposition method, and source 
of fusion, etc., metal-based AM technologies are mainly classified into powder bed fusion (PBF), 
direct energy deposition (DED), binder jetting (BJ) and sheet lamination [1], with the most 
industrial relevant metal-based AM technologies being PBF and DED [3]. Other emerging 
technologies such as metal infused filament deposition and metal-loaded photopolymerization 
are gaining momentum. The process of DED utilizes a nozzle and an energy source to deposit 
metal wire (wire fed) or powder (powder fed) onto an existing part directly. On the other hand, 
PBF uses a powder delivery system, which typically consists of a powder feed chamber and a 
build chamber, as well as a re-coater to spread powder from the feed to build chamber, layer 
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upon layer. Each layer is selectively melted by an energy source. The energy source used is 
typically a laser beam or an electron beam for both DED and PBF. The focus of this thesis is 
laser powder bed fusion (LPBF) process and the operation of a LPBF machine is described in 
details.  
 
Figure 1: Process Overview of Laser Powder Bed Fusion [4]. 
Figure 1 is a schematic overview of the LPBF process. As is typical with current AM 
technologies, the LPBF process starts with an STL file, which is sliced into layers, with the beam 
path trajectory and parameters controlled selectively. To deposit a layer of powder, the powder 
delivery piston moves up and pushes the powder chamber filled with powder material upwards. 
Simultaneously, the fabrication piston lowers down by the amount as the specified layer 
thickness which is typically 20-100 µm [3] [5]. A re-coater rolls from the back of the powder 
chamber to the build chamber to smoothly deposit a thin layer of powder over the build platform. 
Another powder delivery mechanism is sometimes deployed, to deliver the powder through a 
hopper system and douse or dispense powder in front of the re-coater, as it travels across a build 
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bed. The high power laser beam, which is usually of 200 W to 1 KW [5], selectively scans across 
the build area as per digital 2D cross-section profile from the slice CAD model in order to melt 
and fuse the new layer of powder with previously solidified layers. Part resolution is therefore 
defined by layer thickness, laser beam parameters, and powder size characteristics. The powder 
deposition and melting process continues until the part is fully fabricated in an inert gas (e.g., 
argon, nitrogen) protective environment. At the end of the LPBF process, the un-melted powder 
is removed, leaving the printed parts welded onto the build plate directly, or through support 
structures. If necessary, the printed parts and the build plate are heat-treated for residual stress 
relief. After heat treatment, the parts are then removed from the build plate by wire EDM or 
other machining methods. The completed components can be tailored to achieve at best a typical 
dimensional accuracy of ±0.05 mm and a surface roughness of 9-16 µm with powder bed/fed 
technology, depending on geometry and process parameters [3]. In general, when comparing 
metal laser AM processes, LPBF AM technologies can produce more complex parts with higher 
geometric resolution and accuracy than wire- or powder-fed metal AM technologies; however, 
wire fed AM is more suitable for the fabrication of large scale components due to high 
deposition rate. In this study, LPBF was selected as the manufacturing method of choice due to 
refined design requirements.  
2.1.2 Design and manufacturing potentials via LPBF 
AM is considered to have great potentials in complementing conventional manufacturing 
methods such as subtractive, formative, and joining processes in the near future. Promising 
features inherent from the nature of AM technologies can be generally categorized into aspects 
such as sustainability [6][7][8] , design freedom, cost efficiency, and simplicity. From a 
sustainability perspective, AM has the potential to enable production on demand, to shorten 
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supply chains and to localise production, to extend product life by part repair and maintenance, 
as well as to reduce waste of materials by adding materials layer by layer only at desired 
locations in contrast to subtractive manufacturing where materials are removed to achieve the 
part design [7]. In terms of part design, AM allows for consolidation of assemblies [9][10][11], 
integration of lattice structures for light weighting [12][13][14], realization of topology 
optimization (TO) for the high strength to weight ratio components [15][16][17][18][19], and 
customization of part design [20][21][22]. These benefits are carefully considered against cost 
factors when deciding on the most appropriate product manufacturing method. Depending on the 
product, there is often a breakeven point where the benefit in design complexity and/or time-to-
market justifies the LPBF manufacturing choice.   
For conventional manufacturing methods (machining, forming, etc.), cost models and 
technological capabilities are well understood and most product designs are typically optimized 
to significantly reduce manufacturing costs. In machining, for production of complex designs, 
expenses related to the customization of manufacturing tools such as cutters, moulds, fixtures, 
etc. for production could be cost-prohibitive. However, due to layer by layer digital fabrication, 
AM processes are usually tool-less which makes it cost effective for customized, small batch 
productions. Unlike subtractive manufacturing, which turns large amounts of material into chips 
in order to create the final shape, AM may be more suitable for the fabrication of complex parts 
made of expensive materials such as titanium and nickel alloys, as most materials used in the 
process go into the direct part fabrication.  
With the development of AM technologies, of design tools, and of simulation software, it is 
possible to foresee that in the near future, it will be possible to automate the AM process from 
design to fabrication with minimal human interaction [23]. As AM is gaining increasing attention 
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from automotive [24][25], aerospace [26][27] and biomedical [28][29][14]sectors for the unique 
design possibilities that AM may be able offer, there is an increased need to streamline strategies 
for design optimization for not only AM considerations, but post-processing considerations as 
well. Figure 2 to Figure 5 provide an insight into design possibilities in AM for applications such 
as design consolidation of an aircraft nozzle (Figure 2), lattice structure integration into a spider 
bracket (Figure 3), topology optimization of a seat bracket (Figure 4) and customization of a 
complex cooling channel (Figure 5). These figures also illustrate the challenges in post-
processing such complex structures. 
 




Figure 3: Spider bracket with integrated lattice structures by Renishaw [31]. 
 




Figure 5: 3D printed cooling channel by AMM [33]. 
2.1.3 Topology optimization 
Structural topology optimization has been developed for over a century, with the goal to generate 
designs with optimal material distribution under specific loading and boundary conditions and 
constraints.  AM, owing to its minimal limitations on shape and complexity of the design, is seen 
as a manufacturing method that fills the manufacturing gap between topology optimization and 
end application [15]. The following is a brief review of two finite element based structural 
topology optimization methods for the purpose of providing a background into the design tools 
and decisions adopted in this thesis work.  
One popular density-based method is the Solid Isotropic Material with Penalization (SIMP) 
algorithm (Figure 6) [34]. This method represents a design space by finite elements and defines 
the density of each element as a design variable taking a value from 0 to 1 with ‘0’ indicating a 
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void and ‘1’ a fully dense element. Other elemental material properties are assumed to be 
proportional to the elemental density. A penalty value is usually used to solve the issue of having 
intermediate densities which is hard to realize in traditional manufacturing methods (Figure 7); 
the penalty value is used to binarize the final optimized domain. The objective (compliance) for 
the optimization may be to minimize weight or to minimize strain energy which is equivalent to 
maximizing stiffness under specific loadings, while satisfying the density and volume fraction 
constraints. Finite element analysis is performed at the beginning of each iteration. A sensitivity 
analysis is performed, which calculates the amount of total compliance change with respect to 
elemental density change. A sensitivity filter is often applied in order to avoid checkerboard 
patterns (Figure 8) and to obtain a smooth and connected structure. Design space mass layout is 
updated based on the results of sensitivity analysis and filtering. Iteration continues until 
compliance converges.  
 
Figure 6: Flow chart of SIMP algorithm. 
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Figure 7: Void (white), intermediate densities (grey), and full dense elements (black) [35]. 
 
Figure 8: Checkerboard pattern [36]. 
Another popular type of finite element-based method is the bi-directional evolutionary 
optimization (BESO) method (Figure 9) [37]. The BESO method is similar to the SIMP method 
in terms of performing iterations of element distribution updates based on finite element analysis 
results. However, in this method, an element can only either be a void with a density value of ‘0’ 
or a full dense element with a density value of ‘1’. Although the issue of intermediated densities 
is not a concern for this method, sensitivity filtering may still be necessary for eliminating 
checkerboard patterns.  A final volume is usually predefined and based on the volume from the 
previous iteration, a target volume of the current iteration is updated. For example, if the 
previously obtained volume is smaller than the final volume, the target volume of the current 
iteration should increase, otherwise it should decrease. As a result, the structure evolves towards 
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the final volume. Based on the target volume, upper and lower threshold sensitivity values are 
computed. Elements with a sensitivity larger than the upper sensitivity threshold will be added to 
the structure while elements with a sensitivity smaller than the lower sensitivity threshold will be 
excluded. Iterations continues until the compliance converges and the final volume is reached.  
 
Figure 9: Flow chart of BESO algorithm. 
Other topology optimization approaches include the homogenization method [38], the truss-
based ground structure method [39], the boundary variation level set method [40], and more. 
Detailed descriptions are beyond the scope of this thesis. In this thesis, the SIMP method will be 
explored as it is the most developed and implemented method in commercial software. 
Although AM allows for design freedom that traditional manufacturing may not be able to offer, 
there are manufacturing constraints inherent from the AM process which need to be considered 
before topologically optimized structures can be realised by AM. AM-related manufacturing 
constraints include: minimization of support structures required for overhangs, considerations on 
minimum feature size achievable, avoiding of enclosed voids to enable powder or support 
material removal, access to support structure removal, achievable cross section area 
	 15	
perpendicular to build direction to avoid distortion and part over-heating, connectivity of the 
optimized part, etc. Typically, these constraints are either incorporated in the topology 
optimization algorithm to generate manufacturable designs, or by subsequent modification of the 
unconstrained design [16].  
Researchers have been exploring different solutions to create topology optimized designs that are 
also feasible for AM. Brackett et al. [16] assessed the angles and the overhang distance of 
downward facing edges at each iteration. A penalty function of overhang angle and distance is 
used to quantify violation of self-supporting requirements. The penalty function is then 
combined with the structural response to form a single objective function. This way support 
structure elimination is incorporated with the BESO algorithm. Aremu et al. [41] investigated the 
effect of BESO optimization parameters on the design. It was found that by reducing 
checkerboard filter radius, design complexity is increased which may eliminate large overhangs; 
however, there is limited control of the final structure. Langelaar et al. [19][42] implemented an 
additive manufacturing filter as part of the SIMP algorithm in both 2D and 3D to generate self-
supporting structures. Zegard et al. [15] obtained optimized designs by SIMP and ground 
structure methods and post-processed the designs to make them feasible for AM. 
In fact, post-processing of the obtained optimized design is typically inevitable to create a 
smooth, connected, or self-supported part ready for AM. It should be aware that the performance 
of the modified design may need to be reinvestigated since the objectives reached by the 
optimization process may have been violated. In this thesis work, the topologically optimized 
structure was processed into a manufacturable design using various software tools, with the 
iterative performance analysis approach described. 
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2.1.4 Challenges in LPBF 
Despite the advantages and potentials of AM mentioned above, there are inherent drawbacks that 
hinder the widespread adoption of AM technologies. Compared to subtractive manufacturing 
(SM) methods, current metal-AM methods still suffer from poor surface finish and part 
dimensional inaccuracies [43]. For LPBF, partially melted powders tend to adhere to surfaces of 
the solidified part, which results in a rough surface. Researchers have found that surface 
roughness is dependent on surface and overhang angles, as well as process parameters 
[44][45][46]. Internal and sub-surface pores are prone to occur in AM parts, which may affect 
the parts’ mechanical properties [47][48]. Internal and sub-surface porous defects can act as 
crack initiation points and therefore reduce fatigue life and tensile performance of AM functional 
components [49][50][51].  Associated with build orientation and process parameters, AM parts 
usually exhibit anisotropic mechanical properties such as tensile and fatigue behaviors with the 
Z-direction generally being the weakest [52][53]. In addition, due to the repeated, rapid, and 
concentrated thermal cycle, residual stresses are developed in AM parts, which then lead to 
geometric distortions and dimensional inaccuracies after part removal from the build plate 
[54][55]. Post-processes are necessary to attain the desired functional parts.  
Heat treatment and hot isostatic pressing (HIP) are required to improve mechanical properties of 
AM parts [56][57][58]. As-built surfaces are also usually polished by sandblasting, electro-
polishing, machining, laser etching, etc. There may also be a need to post-machine high precision 
features such as mating surface, holes and threads. Although AM has competitive advantages in 
producing complex components, design freedom is restricted by manufacturing constraints such 
as overhangs which require support structures, and thus also require a support structure removal 
process. For LPBF process, overhangs of angles smaller than 45° with respect to the build plate 
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generally require support structures [59][60]. Another challenge is that AM part size is still 
limited by the machine build volume, especially for LPBF. For example, Renishaw’s RenAM 
500Q multi-laser powder bed AM system has a build volume of 250 x 250 x 350 mm [61] and 
the build volume of EOS M 400-4 quad-laser system is 400 x 400 x 400 mm [62]. Also, it is not 
easy to maintain process repeatability and consistency from machine to machine or even from 
location to location on the build plate in the same machine, as part quality is sensitive to the 
systematic biases in the print environment [63]. 
Accurate process simulation and planning is essential for avoiding cost ineffective and time 
consuming trial and error experiments; however, accurate simulation may be computationally 
expensive as AM processes involve complicated multi-scale physics. There is still an overall lack 
of a comprehensive set of design principles, manufacturing guidelines, standardization and 
validation of AM parts [64]. In this thesis work, the focus is on understanding the design 
workflow for manufacturability for both AM and SM, with a direct application in high-value 
surgical tooling with complex topologies. 
2.2 Additive manufacturing of surgical tooling and implants 
2.2.1 Brief overview of metal implant fabrication via AM 
In recent years, the development of AM technologies has enabled the short series production of 
customized biomedical implants with added value. Traditionally, mass-produced implants 
usually have poor individual fitment. As a result, biocompatible metallic implants with sufficient 
density are being manufactured utilizing recently advanced techniques such as Direct Metal 
Sintering (DMLS), Selective Laser Sintering (SLS), Selective Laser Melting (SLM) and Electron 
Beam Melting (EBM) [65]. Biomaterials suitable for metal implants include titanium, titanium 
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alloys, cobalt chrome, stainless steel and gold [66]. Tuomi et al. classified the AM application in 
medical into five major areas: (1) medical models, (2) surgical implant, (3) surgical guides, (4) 
external aids, and (5) bio-manufacturing [67].  
With AM and computed tomography (CT) scanning technologies, more precise, customized 
implants can be designed and fabricated cost-effectively. The recent advancement in AM 
technologies is leading to an exponential growth of AM applications in the medical sector. 
Statistics from Scopus shows in 2014, there were only three articles published in the area of 
metal AM biomedical applications. The total research papers in this area increased to 426 with 
133 articles published in 2016 [65]. 
There are numerous examples of surgical instruments and implants produced via LPBF. An 
additively manufactured EOS Titanium Ti64 EII reconstruction plate, which features a 
volumetric network structure with adjustable thickness to provide enough stiffness has been 
successfully implanted onto a patient’s injured orbital wall (Figure 10) [68].  
 
Figure 10: Ti64 reconstruction plate printed by EOS [68]. 
 Another example is the personalized knee femoral component fabricated by SLM with 
CoCrMo-alloyed powder (Figure 11). The printed part is then post-processed in order to fulfill 
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requirements for mechanical properties, surface roughness and biological corrosion resistance of 
the implant [69].  
 
Figure 11: Personalized femoral component design process [69]. 
Topological design and additive manufacturing of porous metals for bone scaffolds and 
orthopaedic implants have found themselves to be suitable candidates for replacing damage 
bones since their stiffness and porosity can be theoretically adjusted as required (Figure 12). In 
addition, porous structures allow for the in-growth of bone tissue, hence accelerating the 
osseointegration process [70]. 
 
Figure 12: Porous titanium femoral bone implant [71].  
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2.2.2 Brief overview of metal surgical tooling fabrication via AM 
AM technologies have also been applied in the field of surgical tooling due to the capability to 
manufacture customized tools on demand. The device for holding the needle during suturing as 
shown in Figure 13 [72] was redesigned to be manufactured using AM to get rid of the joints 
between components such that a smaller, simpler, and more precise grasping device was able to 
be realized. Large-scale plastic prototypes were first printed and examined before manufacturing 
the actual product in stainless steel via LPBF [72].  
 
Figure 13: Conventional and printed origami-inspired surgical  tools [72]. 
Stratasys manufactured a more flexible and accurate tool used in ACL reconstruction surgery by 
utilizing LPBF of Inconel 718 alloy [73], as seen in Figure 14. Many more examples of surgical 
tools fabricated via LPBF are emerging, showcasing the design and fabrication possibilities and 
capabilities of this technology. 
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Figure 14: "Pathfinder" ACL reconstruction surgical tool manufactured by Stratasys [73]. 
2.2.3 Tracker demonstrator  
In this thesis work, a surgical navigation tracker (Figure 15) is provided as a case study for AM 
redesign and fabrication by Intellijoint Surgical Inc. The surgical tracker is used to provide 
intraoperative measurements of femur position and orientation via optical navigation during hip 
replacement surgeries. The original tracker is an assembly consisting of a Ti6Al4V (Ti64) base, 
an Al 6061-T6 bracket, a pin, a screw, and four SS 17-4 posts of which the tips are press-fitted 
with reflective spheres. A camera mounted on the patient’s pelvis takes images of the reflective 
spheres mounted on the tracker, while the tracker is probing on several locations on the patient’s 
leg in order to calculate cup position, leg length and offset.  
 
Figure 15: Original design of the surgical tracker (courtesy of Intellijoint Surgical). 
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The most important constraint of the design is that the dimensional tolerance of the location of 
the spheres referenced to the bottom surface of the base should be within ±25 µm overall 
displacement.  In the present assembly, the specified tolerance is hard to achieve due to 
dimensional uncertainty accumulated during machining and assembly, where currently, the parts 
are press-fitted. With AM, it is possible to consolidate the original design and to print the entire 
part using Ti64. A high strength-to-weight ratio design can be obtained using structural topology 
optimization and the optimized, complex structure can be realized by LPBF. In parallel, 
manufacturing constraints imposed by the AM process, such as part orientation and overhangs, 
need to be considered in the design stage. For this case study, the print orientation constraint has 
been chosen with the bottom surface of the tracker being parallel to the build plate as shown for a 
family of designs in Figure 16. The selected orientation not only reduces unit cost of parts by 
accommodating more trackers on one build plate, but also minimizes thermally induced 
geometric distortion by avoiding large section variability between print layers. Structurally 
optimized parts may contain overhangs, which require support structures. As a result, the 
structural topology design constraint is to create self-supporting parts (Figure 16) which do not 
require support structures nor any following support removal post-processing. The design 
strategy to enable assembly consolidation, overhang reduction or avoidance, and minimization of 
product distortion due to thermal stresses will be described in detail in this thesis. 
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Figure 16: Self-supporting (golden) vs. non-self-supporting (silver) parts on the build plate. 
In addition, critical mating surfaces can be machined after the part is printed to fulfil positional 
and dimensional precision. Two fixturing methods were used for mounting the complex, light-
weight structure on the CNC machine, with design features propagating in the topology 
optimization stage to enable machining fixturing as will be described in this thesis. 
The performance of the fixturing methods were compared in terms of vibration minimization. 
AM thermal distortion simulations, and subtractive machining (SM) experimental datasets and 
simulations were essential for effective planning of the synergized manufacturing processes in 
order to avoid costly iteration in experiments and part scrap during the post-processing step. In 
this work, it was identified that the design optimization has to consider both AM 




2.3 Synergy of AM and SM strategies 
2.3.1 Hybrid manufacturing systems or workflow solutions  
In 2011, the International Academy for Production Engineering (CIRP) proposed an open 
definition for hybrid manufacturing as “a process that combines two or more established 
manufacturing processes into a new combined set-up whereby the advantages of each discrete 
process can be exploited synergistically” [74]. Major hybrid processes includes additive and 
subtractive processes, subtractive and joining processes, additive and transformative processes, 
and subtractive and transformative processes [75]. By the synergy of AM and SM, complex, 
lightweight parts can be fabricated using AM and tolerance requirements can be fulfilled by SM. 
For hybrid AM and SM processes, there are mainly two approaches which are integrated, 
alternating AM and SM processes and separated, successive processes. DMG MORI’s 
LASERTEC 65 3D hybrid machine (Figure 17) [76] and similarly, Mazak’s VC-500 AM 
machine [77] combine laser metal deposition with CNC milling by integrating a laser powder 
nozzle within a 5 axis milling machine. 
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Figure 17: LASERTEC 65 3D hybrid [76]. 
Sodick’s OPM250L machine (Figure 18) combines laser metal sintering and high speed milling 
in a single machine. High speed milling is performed after printing several layers and the 
processes are alternated until the final part is fabricated [78].  
 
Figure 18: OPM250L [78].  
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An AIMS (Additive systems Integrated with subtractive MethodS) process (Figure 19) has been 
proposed which theoretically combines any type of AM processes with post CNC RP (rapid 
prototyping) [43]. AIMS uses separate AM and SM machines which can be running 
simultaneously. AM is deployed for near-net shape fabrication while CNC RP in a 4-axis CNC 
machine is used for surface finishing. Fixturing features for CNC machining was integrated into 
part design. 
 
Figure 19: AIMS process [43]. 
A hybrid workflow intended for the production of injection moulding tooling inserts with 
conformal cooling has been proposed (Figure 20). In the described process, the tooling is split 
into a large inserts which is suitable for CNC milling and a conformal cooling system which is 
built on top of the CNC machined part by LPBF [79]. For integrated AM and SM systems, 
coolant for the machining process is usually prohibited as it may interfere with the AM process. 
However, the use of coolant is not a concern for separated AM and SM processes. As a result, 
tool life can be extended. Also, different batches of production can be running in AM and SM 
machines simultaneously, which reduces overall manufacturing time. For integrated single 
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machine AM and SM systems, fixturing and datum alignment is usually unnecessary, as the part 
is welded on the build plate and the AM and SM processes share a common datum. However, 
after the part is removed from the build plate, it may deform due to residual stress and become 
out of tolerances. 
 
Figure 20: Workflow for the hybrid production of injection moulding tool inserts [79]. 
2.3.2 Case studies and challenges for post machining of AM parts 
Challenges for the fabrication of AM parts followed by post-machining are inherent from the AM 
and CNC machining processes individually, as well as from the overlapping performance criteria 
for the two processes. Renishaw reported part vibration and fracture issues when machining 
lightweight AM structures due to the reduction in stiffness [80]. They also identified clamping a 
complex AM part in place in the CNC machine as a challenge. They 3D printed a plastic 
encapsulating fixture to mount a AM microwave guide on the CNC machining for surface finishing 
(Figure 21) [80]. 
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Figure 21: Encapsulating plastic  fixture [80] . 
 Renishaw developed a “multi-point” probing alignment method to find the datum by performing 
“best fit” between the printed part axis and the machine axis in order to determine the excessive 
materials which need to be removed (Figure 22) [80].   
 
Figure 22: Alignment by probing [80]. 
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Oyelola et al. [81] investigated the machining behaviour and surface integrity of Ti64 components 
produced by direct metal deposition. Results showed that the inhomogeneity in microstructure due 
to non-uniform heating and cooling from the AM process had effects on the cutting forces and 
chip formation [81]. Frank et al. [82], in the description of a direct additive-subtractive hybrid 
manufacturing (DASH) method, emphasized that it is important to identify features to be machined 
and their corresponding tolerances. Based on the identified features and cutter accessibility, plans 
for part orientation, fixation, and machining allowance should be considered as early as possible 
in the design stage. They laser-scanned the printed part and overlap the scanned data with the CAD 
model to determine excessive materials (Figure 23) [82]. 
 
Figure 23: Laser scan of printed part and alignment with CAD model [82]. 
As these studies illustrate, there are challenges in harmonizing the AM and SM workflow to 
enable efficient utilization of both manufacturing strategies and avoid product scrap. This thesis 
work focuses on design optimization considering AM and SM constraints, AM process 
simulation to predict geometric distortion of AM part, validation of part geometry through 3D 
optical scan, post-machining strategies including clamping methods, alignment methods, and 
chatter free machining conditions. 
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2.4 LPBF process simulation for product distortion 
In a typical LPBF process, important parameters include and are not limited to laser power, laser 
speed, layer thickness, scan pattern, and build orientation. These process parameters have 
significant effects on the melting mode and the cooling rate of the melted material and hence on 
the microstructure and residual stress of the printed part.  
In order to plan for machining allowance and possibly to make geometric compensation to the 
CAD model, it is critical to be able to predict part distortion after printing accurately and 
computationally efficiently so that costly experiments can be avoided ( Figure 24).  
 
 Figure 24: Deformation prediction and geometric compensation by Amphyon [83].  
Different modelling methodologies of LPBF process for the fabrication of macroscale parts have 
been proposed in literature, which mainly include mechanical models and thermomechanical 
models. One example of mechanical models is the multi-scale stress thread method (Figure 25). 
In mesoscale, a stress thread model outputs local residual stress and uses it as an input in the 




Figure 25: Multi-scale stress thread method [84]. 
Another example of mechanical models is the inherent shrinkage method (Figure 26). The main 
assumption of this method is that the most significant driving factor for distortion is the linear 
thermal contraction of the melted metal on cooling. A pure mechanical elastoplastic analysis is 
performed by introducing equivalent thermal loads in the finite element (FE) model in selected 
stacks of meshing layers at the same time. Isotropic and non-isotropic thermal expansion 
coefficients can be used to take into account the effect of scan patterns and build orientation [87]. 
 
Figure 26: Inherent shrinkage method [87]. 
One simple thermomechanical FE model activates a stack of layers with uniform heat input [88]. 
In this method, temperature and residual stress field can be predicted but temperature gradient in 
x-y direction is neglected and the effect of scan pattern is not simulated. A non-uniform heat 
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input on multiple layers method (Figure 27) was proposed to take into account scan pattern 
associated part distortion [89]. 
 
Figure 27: Uniform and non-uniform heat input models [89]. 
The thermomechanical multi-scale temperature thread FE model calculates an equivalent body 
heat flux from a micro-scale model in which thermal history of the melt pool center is used for 
developing an equivalent heat source (Figure 28 (a)). The obtained equivalent heat flux is 
imported as the “temperature thread” to a mesoscale layer hatch model to calculate the 
temperature field of the hatched layer (Figure 28 (b)). Lastly, the hatched layer with temperature 
field is used as a basic unit to build up the macro geometry (Figure 28 (c)) [90]. A few 
simulation softwares such as Amphyon® by Additive Works and Simufact Additive® by MSC 
implemented such model. In this thesis, the Simufact Additive® software engine was deployed. 
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Figure 28: Multi-scale temperature thread model [90]. 
In order to capture most of the physics of the AM process and to save computational time at the 
same time, a dynamic adaptive mesh method has been proposed. The laser beam is the regime 
with highest thermal gradients and therefore a fine mesh with sub-beam diameter element size 
used for this zone and its neighboring heat affected zone is able to produce near-accurate results. 
A relatively coarse mesh has been employed in the surrounding areas (Figure 29) [91][92][93]. A 
commercially available simulation software – 3DSIM is implemented based on this model and 
shows promise in reducing computation time while maintaining accurate predictions. This 
algorithm was not tested in the context of this thesis.  
 
Figure 29: Dynamic adaptive mesh [91]. 
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The inherent strain method with calibration is an approach based on using a calibrated analytical 
thermal model to derive functions that are implemented in a structural FEA (Figure 30). An 
intermediate step is introduced to calibrate the mechanical response using a specimen. The model 
needs to be recalibrated for different materials and process parameter sets. One of the simulation 
models of Simufact Additive® is based on this method. 
 
Figure 30: Inherent strain method with calibration [94]. 
In general, mechanical models are more computationally efficient than thermomechanical 
models. The limitation is that they are less accurate compared to thermomechanical models and 
usually no thermal history of the process is recorded.  
Simufact Additive® was selected in this study to enable predictions of product distortion based 
on design features, product orientation, support structures, and process parameters. Due to the 
high number of design families simulated, computation time was a driving decision in the 
selection of the simulation software used. The simulated part distortion outcomes inform 
material allowance for machining processes.  
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2.5 CNC milling process simulation 
2.5.1 Cutting force coefficients identification  
It is important to identify cutting force coefficients for a specific tool-workpiece combination for 
the purpose of predicting cutting forces, chatter vibration, surface finish, and planning for the 
optimal machining parameters such as depth of cut, spindle speed and feed rate. In milling, there 
are mainly two basic approaches for identifying cutting force coefficients. One approach is to 
develop a database of cutting parameters such as shear angle, shear stress, and friction angle 
from orthogonal cutting tests for a specific tool-workpiece material combination. Given cutter 
geometry and the identified cutting parameters, cutting force coefficients can be calculated [95]. 
This idea can be briefly explained by the mechanistic model of orthogonal cutting and its 
transformation to oblique cutting.  
 
Figure 31: Mechanics of orthogonal cutting [96]. 
Figure 31 shows the mechanistic model of orthogonal cutting in which the edge of the cutter is 
perpendicular to the direction of relative tool motion. The shear angle 𝜙", which is the angle 
between the shear plane and the cut surface, can be estimated from the geometry as: 
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where 𝑟" is the chip compression ratio defined as the uncut chip thickness (ℎ) over the deformed 
one (ℎ") and 𝛼& is the rake angle. Alternatively, the shear angle may be theoretically predicted 
based on the maximum shear stress principle or minimum energy principle.  
The friction angle 𝛽E, of which the tangent (tan 𝛽E) indicates the friction coefficient on the rake 
face, can be found as: 




where 𝐹Q is the force acting in the feed direction and 𝐹5 is that in the tangential direction.  
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, (2.5.1.3) 
where 𝐹* is the shearing force, 𝐴* is the shear plane area, and b is the width of cut.  
Tangential and feed forces (𝐹5 and 𝐹Q) can be measured using a dynamometer during orthogonal 
tests. Deformed chip thickness can be observed and measured under microscope. Cutter rake 
angle 𝛼& can be measured or obtained from the supplier. Consequently, the cutting parameters 
are determined.  
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Figure 32: Mechanics of oblique cutting [96]. 
Figure 32 shows the mechanics of oblique cutting. In oblique cutting, the cutting velocity has an 
inclination angle 𝑖 and cutting force exist in tangential, feed, and radial directions which are 
noted as 𝐹5, 𝐹Q, and 𝐹& respectively. Cutting forces are usually expressed in the following form:  
 𝐹5 = 𝐾5"𝑏ℎ + 𝐾5.𝑏, (2.5.1.4) 
 𝐹Q = 𝐾Q"𝑏ℎ + 𝐾Q.𝑏, (2.5.1.5) 
 𝐹& = 𝐾&"𝑏ℎ + 𝐾&.𝑏, (2.5.1.6) 
where 𝐾5", 𝐾Q", 𝐾&", 𝐾5., 𝐾Q., 𝐾&. are cutting force coefficients. 𝐾5", 𝐾Q", and 𝐾&" take into 
account the shearing effect due to the shearing of material. The shearing components of the 
cutting forces are proportional to the uncut chip area (𝑎 = 𝑏ℎ). 𝐾5., 𝐾Q., and  𝐾&. correspond to 
the ploughing effect which is due to rubbing between the cutting edge and the cut surface. The 
ploughing components of the cutting forces are proportional to the width of cut (𝑏). Using 





BCD(YW?EW)Z[\H ] [\H ^ DGHYW











BCD(YW?EW) [\H ]?[\H^ DGHYW
BCD_(TWZYW?EW)Z[\H_ ^ DGH_ YW
. (2.5.1.9) 
The oblique cutting coefficients may be predicted from the cutting parameters 𝜙", 𝜏*, and 𝛽E 
obtained from orthogonal cutting tests with the following assumptions: the normal shear angle 
and the normal friction angle in oblique cutting are the same as the shear angle and friction angle 
in orthogonal cutting ( 𝜙" ≡ 𝜙/, 𝛽( ≡ 𝛽/); shear stress is the same in both orthogonal and 
oblique cutting;  the normal rake angle in oblique cutting is the equal to the rake angle in 
orthogonal cutting (𝛼& ≡ 𝛼/);  and the chip flow angle is equal to the cutting edge inclination 
angle 𝜂 ≡ 𝑖.  
The tangential and feed edge coefficients (𝐾5., 𝐾Q.) are usually assumed to be the same as those 
identified in orthogonal cutting tests. The radial edge coefficient is usually small and negligible 
(𝐾&. ≅ 0). The orthogonal to oblique cutting transformation technique for cutting force 
coefficients prediction is usually used in cutter design when the cutter geometry is to be 
determined [95]. However, if the orthogonal cutting parameter database is not available or the 
cutter geometry is too complex, another cutting force coefficient identification method, which 
the shearing and edge cutting coefficients are calibrated against oblique cutting tests, may be 
applied. 
In order to identify cutting coefficients of helical end milling using the second method, a set of 
milling tests need to be conducted at usually 5-6 different feed rates while keeping other 
machining conditions such as radial immersion, depth of cut, and spindle speed constant. The 
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cutting coefficients may be obtained by equating the measured average cutting forces to the 
analytically predicted average cutting forces and then performing linear regression analysis 
which assumes linear dependency of cutting forces on feed per tooth [96]. Some researchers 
calibrate cutting coefficients by performing a least squares fit of simulated cutting forces to 
measured cutting forces. In this method, only one milling test is required and the cutting force 
coefficients are specific to the machining conditions and tool-workpiece combination chosen 
[97].  
End milling cutting forces can be predicted using discrete simulation, given machining 
conditions, tool geometry and cutting coefficients [96]. In the milling process, the chip thickness 
varies periodically according to the tool workpiece engagement. The instantaneous chip 
thickness may be estimated by assuming uniform circular motion of the tool tip as [96]: 
 ℎ 𝜙 = 𝑐 sin𝜙, (2.5.1.10) 
where c is the feed per tooth and 𝜙 is the instantaneous immersion angle. The instantaneous chip 
thickness is dependent on the immersion angle which varies along the axial location of the 
cutting edge at each tooth. Chip thickness is non-zero only when a tooth is engaged in cutting 
which is equivalent to 𝜙*5 ≤ 𝜙f ≤ 𝜙.g, where 𝜙*5 and 𝜙.g are the start and exit immersion 
angles respectively and j is the tooth index. Some researchers consider the true trochoidal 
trajectory of the tool tip due to radial run-out when computing instantaneous chip thickness, and 
some researchers take into account the effect of vibration when determining the instantaneous 
chip thickness.  
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Figure 33: Discrete cutting force simulation of a helical end mill [98]. 
In order to predict cutting force analytically, a helical end mill can be discretized along the 
length (z-direction) of the cutter (Figure 33). Forces acting on discretized disks in tangential, 
radial, and axial directions were calculated based on the identified cutting force coefficients and 
the instantaneous chip thickness as follows: 
 𝑑𝐹5,f(𝜙, 𝑧) = (𝐾5"𝐶f(𝜙f 𝑧 ) + 𝐾5.)𝑑𝑧, (2.5.1.11) 
 𝑑𝐹&,f(𝜙, 𝑧) = (𝐾&"𝐶f(𝜑f 𝑧 ) + 𝐾&.)𝑑𝑧, (2.5.1.12) 
 𝑑𝐹(,f(𝜙, 𝑧) = (𝐾("𝐶f(𝜙f 𝑧 ) + 𝐾(.)𝑑𝑧. (2.5.1.13) 
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Figure 34: Down milling and the fixed X-Y-Z coordinate [99]. 
Projecting the tangential, normal, and axial forces into the fixed X-Y-Z coordinate (Figure 34) and 
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,  (2.5.1.16) 
where 𝑁 is the number of teeth on the cutter and 𝑎 is the axial depth of cut. For arbitrary radial 
immersion milling, Equation (2.5.1.14)-(2.5.1.16) can be expanded and rearranged in slope-
intercept form as [99]:  
 𝐹g = 	𝑎@g𝑐 + 𝑎{g, (2.5.1.17) 
 𝐹u = 	𝑎@u𝑐 + 𝑎{u, (2.5.1.18) 
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𝐾(.(𝜙* − 𝜙.) . (2.5.1.25) 
The above equations show that average milling forces and feed per tooth have linear relationship 
with 𝑎@g, 𝑎@u,	and 𝑎@x being the slopes and 𝑎{g, 𝑎{u, and 𝑎{x being the intercepts. Rewriting 




























































(𝜙* − 𝜙.). (2.5.1.36) 
All other 𝑏 elements are equal to zero. The slopes (𝑎@g, 𝑎@u, 𝑎@x) and intercepts (𝑎{g, 𝑎{u, 𝑎{x) 
can be estimated experimentally by performing linear regression analysis of the measured 
average cutting forces over a range of feed per tooth values. As a result, cutting force coefficients 
are solved according to Equation (2.5.1.26).  
2.5.2 Chatter stability analysis  
Machine tool and workpiece vibration play an important role in dimension accuracy, tool 
durability and process productivity. The scope of this thesis work is on avoiding milling 
regenerative chatter vibration of cutter tool and thin and flexible AM workpiece by determining 
optimum depth of cut and spindle speed during post-machining. Chatter vibrations are caused by 
a self-excitation mechanism. One of the structural modes of the tool-workpiece system is initially 
excited by cutting forces and as a result, each tooth of the milling tool leaves a wavy surface 
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finish. Chip thickness may grow exponentially at a chatter frequency depending on the phase 
shift between two succeeding waves [96]. Tobias [100] first introduced linear chatter stability 
models for orthogonal cutting. In orthogonal cutting, the cutting force direction remains 
unchanged. However, in milling, the cutting forces vary along the helical edge of the cutter and 
the process is intermittent and periodic. Insperger and Stepan developed a semi-discrete time 
domain model for milling chatter stability [101]. Tlusty et al. [102] proposed a time domain 
simulation approach to analysis chatter in high speed milling. Altintas and Budak [103] 
developed a two dimensional zero and higher order analytical solution of the milling chatter 
analysis. The zero order analytical solution willing be explained in the following paragraphs.  
 
Figure 35: Milling chatter vibration in X and Y directions [96]. 
As it is shown in Figure 35, the dynamic chip thickness without the static part can be expressed 
as:  
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 ℎ 𝜙f = 𝑣f,{ − 𝑣f 𝑔 𝜙f , (2.5.2.1) 
where 𝑣f,{ and 𝑣f are the previous and present dynamic displacement of the cutter. The 𝑔 
function takes into account whether or not the tooth is in cut and it is defined as: 
 𝑔 𝜙f =
1
0	
𝑖𝑓	𝜙*5 ≤ 𝜙f ≤ 𝜙.g
𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
. (2.5.2.2) 
The difference of the dynamic displacements can be projected into X and Y directions: 
 𝑣f,{ − 𝑣f = 𝑥 − 𝑥{ sin𝜙f + (𝑦 − 𝑦{) cos𝜙f, (2.5.2.3) 
 ∆𝑣 = ∆𝑥 sin𝜙f + ∆y	cos𝜙f. (2.5.2.4) 
Substituting Equation (2.5.2.4) into Equation (2.5.2.1):  
 ℎ 𝜙f = ∆𝑥 sin𝜙f + ∆𝑦 cos𝜙f 𝑔(𝜙f). (2.5.2.5) 
Tangential and radial cutting forces are proportional to the uncut chip area (the axial force is 
neglected for simplicity): 
 𝐹5f = 𝐾5"𝑎ℎ(𝜙f), (2.5.2.6) 




Projecting the tangential and radial cutting forces into X and Y directions: 
 𝐹gf = −𝐾5"𝑎 ∆𝑥 sin𝜙f + ∆𝑦 cos𝜙f 𝑔(𝜙f)(cos ∅f + 𝐾& sin𝜙f), (2.5.2.8) 
 𝐹uf = −𝐾5"𝑎 ∆𝑥 sin𝜙f + ∆𝑦 cos𝜙f 𝑔(𝜙f)(sin𝜙f + 𝐾& cos𝜙f). (2.5.2.9) 
The total cutting forces can be expressed as the summation of forces on all engaging teeth:  
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 𝐹g = 𝐹gfl?@f{ , (2.5.2.10) 
 𝐹u = 𝐹ufl?@f{ . (2.5.2.11) 










∆𝑦 . (2.5.2.12) 
The directional coefficient matrix depends on the milling mechanics and the matric elements 
𝑎gg,	𝑎gu,	𝑎ug, and 𝑎uu can be expanded as: 
 𝑎gg = −𝑔fl?@f{ sin𝜙f + 𝐾& 1 − cos 2𝜙f , (2.5.2.13) 
 𝑎gu = −𝑔fl?@f{ 1 + cos𝜙f + 𝐾& sin 2𝜙f , (2.5.2.14) 
 𝑎ug = 𝑔fl?@f{ 1 − cos𝜙f − 𝐾& sin 2𝜙f , (2.5.2.15) 
 𝑎uu = −𝑔fl?@f{ sin 2𝜙f − 𝐾& 1 + cos 2𝜙f . (2.5.2.16) 
Since the immersion angle ∅f is a function of time, the directional coefficient matrix and the 
dynamic displacements can be written with respect to time. Equation (2.5.2.12) can be rewritten 
as:  
 𝐹 𝑡 = @s𝐾5"𝑎𝐴(𝑡)∆(𝑡). (2.5.2.17) 
To transfer the force function from the time domain into frequency domain, the Fourier series 
expansion of the force function can be taken since 𝐴(𝑡) is periodic. If the most simplistic 


































− cos 2𝜙 − 2𝐾&𝜙 − 𝐾& sin 2𝜙 TRO
Tt. (2.5.2.22) 
In frequency domain, the current and previous dynamic displacement in X and Y directions can 
















 ∆ ω =
𝑥 𝜔 − 𝑥{(𝜔)
𝑦 𝜔 − 𝑦{(𝜔)






The force function in frequency domain can be obtained by the substitution of Equation 












The force function can be rearranged and the problem becomes an eigenvalue problem: 
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 𝐼 − l
n
𝐾5"𝑎 1 − 𝑒?] 𝐵Φ 𝜔 𝐹 𝜔 = 0, (2.5.2.27) 
 𝐼 + 𝜆Φ{ 𝜔 𝐹 𝜔 = 0, 
  
(2.5.2.28) 
where Φ{ 𝜔  is the oriented FRF (frequency response function) of the system which is the 
product of the B matrix and the FRF matrix Φ 𝜔 . 𝜆 is a complex number which is equal to: 
 𝜆 = 𝜆 + 𝑖𝜆 = −
l
n
𝐾5"𝑎 1 − 𝑒?] . (2.5.2.29) 
The eigenvalue of Equation (2.5.2.28) can be solved for a given chatter frequency 𝜔" which is 
usually closed to a natural frequency of the system, cutting coefficients, radial immersion and the 
FRF of the structure. If the FRF are obtained in two orthogonal directions X and Y (i.e., Φgu =
Φug = 0), Then 𝜆 becomes roots of a quadratic function: 
 𝑎{𝜆s + 𝑎@𝜆 + 1 = 0, (2.5.2.30) 
where  
 𝑎{ = Φgg(𝑖𝜔")Φuu(𝑖𝜔")(𝑏gg𝑏uu − 𝑏gu𝑏ug), (2.5.2.31) 
 𝑎@ = 𝑏ggΦgg(𝑖𝜔")+𝑏uuΦuu(𝑖𝜔"). (2.5.2.32) 
By substituting the solution of 𝜆 into Equation (2.5.2.29), the axial depth of cut 𝑎 can be 
obtained: 
 𝑎 = − snlOA
(@?BCD(A))Z DGH(A)
@?BCD(A)
+ 𝑖 (@?BCD(A))? DGH(A)
@?BCD(A)
, (2.5.2.33) 
The depth of cut value should be positive and real. As a result, the imaginary part of Equation 
(2.5.2.33) should be zero: 
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(1 + 𝐾s). (2.5.2.36) 
Since 𝜆 has two solutions for a given chatter frequency, there would be two depth of cut limits. 
The positive minimum value of the depth of cut should be chosen. 
Equation (2.5.2.35) can be rearranged as: 








 𝜓 = tan?@ 𝐾 = tan?@(). (2.5.2.38) 
𝜓 is the phase shift of the eigenvalue. 
 𝜔"𝑇 = 𝜋 − 2𝜓 + 2𝜋𝑘 = 𝜀 + 2𝜋𝑘. (2.5.2.39) 
𝜀 is the phase shift between the two succeeding waves. The term 2𝜋𝑘 represents full-vibration 





The spindle speed in terms of 𝑇 is: 




In summary of the zero order analytical model for milling chatter stability, if the cutting force 
coefficients (𝐾5", 𝐾&") and the FRFs of the system in X and Y directions are known, by scanning 
the around the natural frequency of each mode of the system and solving for the eigenvalues, the 
positive minimum depth of cut limits can be calculated, and, as a result, the corresponding 
spindle speeds can be obtained. 
There are several methods to obtain the FRF of the system. The finite element methods [104] 
relies on the estimation of the dynamic stiffness and damping of the system to obtain accurate 
results. The dynamic operational methods [105] [106] measure the vibration behaviour of the 
system under operating conditions to take into account the effect of tool motion on system 
vibration. The experimental methods [107]instead excite the static system and measure the 
system response.  
The experimental tap testing method is widely used in practice. The excitation of the cutting tool 
is usually done by either an impact hammer or a shaker (input) at the tool tip in X and Y 
directions with an accelerometer attached on the opposite side of the tool tip to measure the 
response of the system (output). After the FRFs are obtained, processing software such as 
CutPro® and LMS Test.Lab® can be used to perform modal analysis in order to identify modal 
parameters such as natural frequencies, damping ratios, stiffness, and mode shapes.  
In the context of this thesis, cutting force coefficients will be obtained by testing tests on AM 
artifacts. Modal analysis will be conducted on the tool-workpiece system. With the cutting force 
coefficients and vibration parameters of the system, chatter stability analysis will be performed 
in order to determine chatter free spindle speed and depth of cut which ensure dimensional 
accuracy and productivity. 
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2.6 Proposed AM and SM Process Workflow  
 
Figure 36: AM and SM process work flow. 
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In this thesis, the proposed strategy for the integration of AM and CNC post-machining has six 
modules (Figure 36): (A) digital design, (B) AM build design, (C) AM process simulation, (D) 
experimental domain, (E) post-machining planning, and (F) AM and SM fabrication environment. 
The process of manufacturing a successful finished part flows through the six modules and some 
of the modules may be revisited during iteration steps, where we try to generate the optimized 
digital build and machining strategy for the final printing and machining steps.  
In the CAD design environment (Figure 36 A), with a more detailed description of this step is 
offered in Appendix A), an initial part design is first created and optimized. The optimization path 
for this thesis included assembly consolidation and structural topology optimization. Next, all 
critical features that require surface finishing as well as their corresponding tolerances are 
identified. In order to mount the part rigidly on the CNC machine in the machining step, clamping 
fixtures may be added to the design in a way that ensures accessibility of the cutter to all critical 
features, while minimizing the impact on the AM process. Also, internal connections and bridges 
or external encapsulation fixtures may be designed in order to improve the stiffness of the part and 
therefore avoid chatter and fracture of the part under cutting forces. Once the part design is ready 
through multiple iterations steps, it is then sent to the build design environment. 
In the build design module (Figure 36 B), the optimized printing orientation is obtained so that 
only minimal support structures will be required. The CAD design environment (Figure 36 A) may 
be revisited if further reduction of support structures is desired by modifying the part or fixtures. 
Support structures are designed for down-facing surfaces to allow for easy removal, reducing 
waste materials and distortion of the printed part. Process parameters such as laser power, laser 
speed, layer thickness, scanning patterns will be set up in this step as well. 
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In the AM process simulation environment (Figure 36 C), work focuses on predicting the distortion 
of the printed part from the ideal CAD model by a thermomechanical FEA model, typically based 
on the build orientation and parameters selected in the build design module (Figure 36 B). 
Geometric compensation is made to the CAD design (re-iterating in the CAD design environment, 
Figure 36 A) according to the simulated distortion results. Machining allowance may also be 
required based on the results of the simulations. Redesigning the support structures or tuning the 
process parameters in the build environment may be helpful in reducing distortion. Upon 
completing the iterations through CAD design optimization (Figure 36 A), build design setup 
(Figure 35 B), and AM process simulation (Figure 36 C), an AM optimized digital build with some 
fixation features and machining allowance will be ready. 
In order to gain understanding of how the part or cutting tool will behave in the CNC machining 
process, in the physical/experimental domain (Figure 36 D), cutting force coefficients and 
vibration modes of the workpiece-cutter-machine assembly need to be identified. Investigations 
need to be carried out to examine how the cutting force coefficients may be affected by AM 
scanning strategies, AM process parameters, microstructures, etc. By identifying the vibration 
modes and structural parameters the part, tooling, and machine, chatter may be avoided during the 
post-machining process.  
With understanding of the CNC machining process, the digital build is sent to the machining 
simulation environment (Figure 36 E). Cutting forces are simulated by the identified force 
coefficients, machining conditions, and tool geometry. Optimized tool paths can be obtained by 
avoiding chatter while maximizing productivity through careful selection of spindle speed, depth 
of cut, and feedrate. The above analysis can be done using software such as CutPro® and 
MachProTM. FEA simulations may be conducted for part distortion under cutting forces to predict 
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if the machined part quality is going to be acceptable. If FEA results show significant deformation, 
the following options may help with minimizing deformation:  adjusting tool paths or feedrate 
values, modifying any internal connections or external encapsulations in the CAD model to 
increase part stiffness. The part and fixture can be updated to avoid chatter and to withstand the 
expected machining forces as well, thus potentially re-iterating back to the CAD design 
environment (Figure 36 A), build design setup (Figure 36 B), and AM process simulation (Figure 
36 C). 
Once all requirements are satisfied, typically after a few iterations, the part can be additively 
manufactured and then heat treated to release some of the AM induced residual stress and reduce 
deformation, after removal from the substrate (Figure 36 F). This may introduce further part 
dimensional changes. In this work, the heat treatment was captured in the AM process simulation 
(Figure 36 C), however quantifying the direct impact of such was beyond the scope of this study. 
The part is then mounted on the CNC machine rigidly. 3D scan or probing is performed to locate 
the printed part and align it with the CAD model. Once the finishing is complete, the part is 
validated again via CMM or a 3D scan. 
The surgical navigation tracker design presents a challenge and opportunity to study the AM 
topology optimization design potential and secondary processing of complex structures via 
machining. The process of manufacturing a successful finishing part flows through the six modules 
of the workflow iteratively. Chapter 3 provides general experiment datasets such as powder size, 
hardness, porosity distribution, and surface roughness of the printed Ti64 parts which was done in 
Module D - experimental domain. Chapter 4 focus of the AM process which includes part design 
using topology optimization (Module A), AM build setup (Module B) and geometric distortion 
simulation (Module C). Chapter focus on the post-machining process which includes cutting tests, 
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tap testing (Module D) and chatter stability analysis for identifying chatter free depth of cut and 
spindle speed (Module E). Lastly, Chapter 6 describes the fabrication of the tracker deploying AM 




Chapter 3  
General Experimental Datasets 
3.1 Materials and Methods  
3.1.1 Powder materials  
The LPBF fabrication of the trackers and the related artefacts is conducted by using Ti-6Al-4V 
ELI-0406 (Ti64), a Titanium alloy powder, provided by Renishaw®, on the AM 400 machine. 
According to the data sheet, the Ti64 alloy comprises titanium mass fraction up to 90% with up 
to 6.75% aluminum, 4.5% vanadium and other minor elements. The powder was characterized 
for size distribution using a particle size analyzer (Retsch Camsizer X2, Newtown, PA).  
3.1.2 Artifact designs  
Three tensile test artefacts (labeled as Z1, Z2, and Z3) with dimensions as shown in Figure 37 as 
well as three meander (labeled as M1, M2, and M3) and three stripe (labeled as S1, S2, S3) 
machining blocks with dimensions as shown in Figure 38 were printed. Meander and stripe are 
two of the scan strategies which will be explained in section 4.1.2. The tensile samples were 
printed vertically and the machining blocks were printed flat.  
 
Figure 37: Tensile samples. 
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Figure 38: Machining blocks. 
3.1.3 Surface roughness 
The surface roughness of the as-printed tensile and machining artifacts was characterized via a 
3D laser scanning microscope (Keyence VK-X250, Osaka, Japan) at x20 magnification. Image 
processing and measurements were done by using the microscope scan processing software 
(Keyence VK-H1XME, Osaka, Japan). The roughness was measured at three locations along 
each side (A, B, C, and D) of the gauge portion (along the build direction) of the tensile samples 
and at three locations at the top surface (perpendicular to the build direction) of meander and 
stripe blocks, as shown on Figure 39. The measurements were taken from approximately the 
same location on all samples for the tensile and machining artifacts. The scanning area of each 
surface scan is about 1940 x 520 µm. Surface correction for side surface curvature was employed 
when scanning the tensile samples.  
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Figure 39: Surface roughness measurement locations. 
3.1.4 Hardness 
A Rockwell hardness tester was used to measure the hardness of the printed Ti64 blocks with C 
scale. Six indentations were made across the machined surface of the meander and stripe blocks 
by a diamond penetrator (“BRALE”) under a 150 kg load (Figure 40). Based on the depth of 
penetration, a hardness value expressed in HRC was obtained for each indentation. An average 
hardness value was calculated using the six measurements for each artifact. The result was 
compared to the hardness value of conventional Ti64 (Grade 5). For this study, only hardness of 
the machined top surface was measured, potential hardness variation on surfaces normal and 




Figure 40: Hardness test indentations. 
3.1.5 Computed Tomography (CT)  
In order to gain an insight of the pore size and location within the printed tensile samples, CT 
scanning was performed by a Zeiss Xradia 520 Verse X-ray microscope, with the following 
Scout-and-Scan software settings applied for all sample analysis. 
Table 1: Scout-and-Scan settings for CT imaging. 
Parameter Unit Value 
Source power [W] 8 
X-ray energy [kV] 140 
Filter - Air 
X-ray optic - 0.4Xlens 
Source position [mm] 15.002 
Detector 
position [mm] 87.997 
Exposure time [s] 0.5 
Binning level - 2 
Voxel size [µm] 10 
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After scanning, images were automatically reconstructed into 16-bit greyscale TIF for further 
processing (thresholding, binarizing, etc.) via specific image processing algorithms (MATLab)  
in order to quantify details regarding the pore size, location, orientation and shape within the 
sample volume. 3D pore distribution was projected to the center plane to obtain a 2D view of the 
pore distribution.  
3.2 Results 
3.2.1 Powder materials  
The powder size distribution was determined as shown in Figure 41 which follows a gaussian 
distribution with the mean equal to 33.12 µm and the standard deviation equal to 9.07 µm. The 
size of 10% of the powder particle fails under 20.90 µm (D10), 50% fails under 33.25 µm (D50), 
and 90% fails under 44.8 µm (D90). The layer thickness (build bed piston displacement) in this 
study was selected as the default 30 µm, as the steady state actual layer thickness is much higher 
due to densification of the previously solidified layer(s) in steady state. This is a typical layer 
thickness for this type of powder size distribution.  
 
Figure 41: Powder size distribution of Ti6Al4V ELI-0406. 
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3.2.2 Surface roughness 
 The surface roughness measurements were summarized in Table 2 and Table 3. The surface 
roughness metric “Sa” stands for the “arithmetical mean height”. “Sdr” is the standard deviation. 
In general, top surfaces of the machining block are smoother than the side surfaces of the tensile 
samples. This suggest that build orientation of the parts have effect on the surface roughness. 
Since the printed part is buried in powder during the LPBF process, partially melted powder tend 
to adhere to the side of the solidified part, which creates rougher surface. The results indicate that 
the top surface of the meander block is rougher than that of the stripe block, which implies that 
scan pattern may influence surface roughness, with implication for machining strategies. The 
Side A is generally the smoothest and Side D is the roughest for all samples. 
Table 2: Tensile samples surface roughness measurements. 
Tensile sample Z1 Z2 Z3 
Scan location Sa (µm) Sdr Sa (µm) Sdr Sa (µm) Sdr 
A_1 8.54 0.4451 10.45 0.5349 10.07 0.7856 
A_2 9.16 0.4875 10.66 0.4773 13.64 0.8100 
A_3 10.30 0.4558 9.26 0.5609 10.80 0.6031 
B_1 16.55 0.8473 14.21 0.5102 10.62 0.5037 
B_2 18.75 1.022 12.57 0.5791 15.87 0.7147 
B_3 14.21 0.7039 11.31 0.5390 10.76 0.5962 
C_1 13.08 0.6583 11.63 0.6902 12.08 0.6016 
C_2 11.61 0.4565 10.18 0.5491 15.62 0.6984 
C_3 10.03 0.5574 7.62 0.5850 10.30 0.5607 
D_1 19.20 1.305 19.66 1.178 18.39 1.282 
D_2 19.32 1.614 18.14 1.273 17.99 1.306 
D_3 18.05 0.9426 17.34 1.162 17.75 1.290 
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Table 3: Machining block surface roughness measurements 
Machining block Meander Stripe 
Scan Location Sa (µm) Sdr Sa (µm) Sdr 
1 7.09 0.1312 5.18 0.1101 
2 7.06 0.1778 6.52 0.1493 
3 9.62 0.1934 6.48 0.1170 
Side surface roughness is affected by process parameters, chamber gas flow, and part location on 
the build plate. In theory, surface roughness increases along the movement of the re-coater as 
fine powder tend to settle down on the build plate first leaving the coarse powder at the end. 
Surfaces facing the gas flow may be smoother than opposing side surfaces due to particle 
ejections and condensates following the gas flow trajectory, thus contributing to regions of 
higher surface roughness. The experimental result follows a similar trend (Figure 42). 
 




Hardness results (Table 4) show that the hardness of the printed artifacts is consistent. On 
average, the meander artifact is about 2.7 HRC harder than the stripe one. The hardness of the 
printed artifacts is close to that of the conventional Ti-6Al-4V (Grade 5) which is about 36 HRC 
[108]. Hardness of the machining blocks may have effect on the cutting forces during machining. 
Table 4: Hardness test results (unit: HRC). 
            Location                    
Artifact 1 2 3 4 5 6 Average 
Standard 
Deviation 
Meander 39 39.5 39 39 39 38 38.9 0.449 
Stripe 37 36 35 36 36 37 36.2 0.688 
 
	 64	
3.2.4 Computed Tomography 
 
Figure 43: Porosity projections of tensile samples. 
The porosity projections of the gauge portion of the tensile samples (Z1, Z2, and Z3) on the Y-Z 
and X-Y planes are shown in Figure 43. It can be seen that pores mostly concentrated at the 
surface and the center of the cylinder. Porosity distribution along the Z axis was consistent. 
Results also show that, in general, all tensile samples achieve >99.94% solid fraction. Studies 
have shown that porosity is highly dependent on the energy input, which is determined by print 
parameters such as laser power, laser speed, scan strategies and layer thickness [47] [109]. Lack 
of energy (un-melted powder) or excessive energy (material ejection from keyhole mechanism) 
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can all lead to porosity. In order to improve mechanical properties of printed parts, optimum 
print parameters need to be found. Surface porosity may be eliminated by post-machining to 
improve part fatigue life. The focus of this study was not on process parameter optimization, and 
the density obtained was considered acceptable for the purpose of this work. 
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Chapter 4  
Design Considerations and Build Considerations for Additive Manufacturing 
4.1 Methodology  
4.1.1 Topology optimization and build optimization  
SolidThinking Inspire (hereafter referred to as Inspire), which implements the SIMP topology 
optimization algorithm, was used to generate design candidates. Before importing the part into 
Inspire, the part was divided into design and non-design spaces in Solidworks. After loading the 
part with subdivisions into Inspire, the design space and non-design space were defined, as 
shown in Figure 44. The material of both the design space and the non-design space were 
specified as Ti64. Topology optimization was performed on the design space, while the non-
design space remained untouched. The four posts and the base of the tracker were defined as 
being outside the design space, since they will be either press-fitted with reflective spheres, or 
will be sitting on a kinematic mounting platform respectively and should adhere to pre-defined 
design topologies. There is no intention to modify any external parts or mounting faces 
interfacing with this tracker design. In this design, the relative position among the posts and the 
base of the tracker is desired to be fixed.  
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Figure 44: Design (in claret) and non-design spaces (in grey). 
The design space was created with the consideration of functional criteria of the tracker. For 
example, it is desired that the tracker will not impinge on soft tissues of the patient; it should be 
graspable by an adult hand without touching the tips of the posts; all spheres attached to the posts 
should be visible to the camera; the centre of gravity should be as low as possible to avoid part 
toppling during use; and the overall height of the tracker should not exceed 150 mm. The 
functional design criteria is summarized in Table 5. 
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Table 5. Tracker design criteria. 
Criterion No. Functional design criteria description 
1 The relative position among the posts and the base must be fixed 
2 It is desired that the tracker will not impinge on soft tissues of the patient 
3 It should be graspable by an adult hand without touching the tips of the posts 
4 The tracker body should be matte 
5 All spheres attached to the posts should be visible to the camera 
6 The centre of gravity should be as low as possible to avoid toppling 
7 The overall height of the tracker should not exceed 150 mm 
8 External mating parts interfacing with this tracker should not be modified 
The next step in topology optimization is to apply loads and constraints. Loads and supports can 
only be applied upon non-design space (design independent loads). In order to create a structure 
of which the posts and the base are rigidly connected with each other, different load cases are 
considered as shown in Figure 45. For comparison, the case where there are only forces (each of 
30N) acting normal to the surfaces of the four posts (load case 1) was also run. The magnitude of 
the force acting on each post is 30 N. This force is approximately three times the maximum force 
that the product will be expected to see during operation based on user input. The direction of the 




Figure 45: (a) Load case 1 with normal acting forces; (b) Load case 2 with upwards acting forces; (c) Load case 3 with 
rightwards acting forces; (d) Load case 4 with leftwards acting forces; (e) Load case 5 with downwards acting forces. 
An overhang shape constraint of 45° relative to the build direction is applied (Figure 46) in order 
to obtain self-supporting designs. Topology optimization without the overhang shape constraint 
was also run for comparison. 
 
Figure 46: 45° overhang shape constraint. 
The structure is then optimized by setting the objective as maximizing stiffness with mass targets 
of 5%, 10%, 15%, 20%, 25% and 30% of the original design space. The minimum thickness 
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(checker board filter radius) is chosen to be 3 mm. Gravity is ignored in all simulations. The 
compliance, safety factors and mass of the generated candidates were compared.  
4.1.2 AM build environment and parameters  
The QuantAM software (Renishaw) was used to visualize parts in the build environment and to 
perform pre-processing such as finding the optimum build orientation, determining overhangs 
and generating support structures, slicing the part based on specified layer thickness and defining 
print parameters such as scan pattern, laser power, layer thickness and etc. Figure 47 below 
illustrates an example of the visualization of parts laid out on a build plate in the build 
environment.  
 
Figure 47: Build Setup in QuantAM. 
All parts were printed using stripe pattern except that three of the machining blocks were printed 
using meander pattern. Figure 48 illustrates 4 typical scanning patterns which are meander, 
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stripe, chessboard, and total fill. This study focus was on examining different properties of 
meander and stripe parts. The actual tracker designs were printed using stripe scanning pattern. 
For meander pattern, the entire layer is swept by uniform hatch lines which are rotating 67° from 
on layer to another. For stripe pattern, each layer is divided in to sections according to the 
specified stripe size, and then each section is filled by hatch lines. Meander pattern is usually 
adopted when printing thin-wall structures while stripe pattern is more suitable for thicker parts 
for the purpose of minimizing residual stress.  
 
Figure 48: Scanning Patterns [110]. 
For this study, the stripe parts were printed using the QuantAM recipe 
“Ti6Al4V_200_1112_08_30µm_strips” and the meander parts were printed using the QuantAM 
recipe “Ti6l4V_200_1112_08_30µm_meander”. The main process parameters of the two recipes 
were listed in Table 6 and Table 7 respectively. Renshaw’s AM 400 machine utilizes a 
modulated laser which moves discretely from hatch point to hatch point. The laser is turned on 
for the specified exposure time at each hatch point and it is turned off while moving to the next 
hatch point. One layer of upskin was applied on up-facing surfaces and one layer of downskin 
was applied on down-facing surfaces. The core of the part was scanned using the volume 
parameters and two borders were applied at the periphery of each volume layer to improve 
	 72	
surface quality. Border distance is 0.06 mm for the meander recipe and 0.04 mm for the stripe 
one. 




























Volume 200 0.075 50 55 0.105 5 0.01 0.03 
Border  100 0.075 40 45 - - - - 
Upskin 175 0.075 75 50 0.065 - - 0.03 
Downskin 175 0.075 75 50 0.065 - - 0.03 
 


















Volume	 200	 0.075	 50	 75	 0.065	 0.03	
Border		 100	 0.075	 40	 45	 -	 -	
Upskin	 175	 0.075	 50	 75	 0.065	 0.03	
Downskin	 175	 0.075	 50	 75	 0.065	 0.03	
 
4.1.3 Simulation of the AM process  
The thermomechanical model developed by Simufact Additive® for geometric distortion of 
LPBF parts was examined. The general LPBF simulation process was as shown in Figure 49.  
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Figure 49: LPBF simulation process. 
First, the stl files of the parts were imported and positioned on the build space. For this study, the 
trackers were placed at the lower left corner, the upper right corner, and the center of the build 
plate (Figure 50).  
 
Figure 50: Geometry import and positioning. 
A trial simulation was run and surface deviation of all parts were computed. As it is shown in 
Figure 50, no significant difference was observed in the surface deviation of parts located on 
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different locations. The software may not take into account the effect of nuisance factors such as 
powder distribution, gas flow, and re-coater motion on geometric deviation or their effect is 
small in this case. As a result, the actual simulation was run with the part placed only at the 
center of the build plate. 
 
Figure 51: Surface deviation for parts placed on different locations. 
For both the Cobra and ET design, no support structures were required as they are self-
supported. The software will automatically detect overhangs with an angle greater than 45°with 
respect to the build direction and generate supports underneath. Ti64 properties loaded from the 
material library was applied to both the part and the build plate. 
In the manufacturing process, the manufacturing plan was configured such that the part would go 
through building, heat treatment, cutting stages. The support removal stage was excluded in this 
case as no support structure was needed. Figure 52 and Figure 53 show the build parameters and 
scanning strategy which were set base on the actual parameters used (Table 6). The software 
assumes a continuous laser but AM 400 machine utilizes a pulsed laser. A conversion has been 
done to approximate the equivalent continuous power by the product of pulse laser power and 
exposure time over the sum of exposure time and travel time between hatch points.   
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Figure 52: Build parameters. 
 
Figure 53: Scanning strategy. 
For post-processing the part was heat treated for the relief of residual stress. The temperature 
curve shown in Figure 54 mimics the actual heat treatment stage. After heat treatment the part 
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was cut from the build plate. The final part was best fitted with the initial CAD model to 
computer geometric deviation.  
 
Figure 54: Heat treatment temperature curve. 
A convergence check was performed to minimize discretization errors in the simulation. Mesh 
sizes of 1, 0.75, 0.6, and 0.5 mm were selected and the corresponding node numbers as well as 
the simulated maximum temperatures were listed on Table 8. A convergence plot was created by 
plotting the maximum temperatures against number of nodes (Figure	55). Results show that 
maximum temperatures converge at approximately 0.5 mm mesh size. Simulated distortion with 
0.5 mm mesh size were compared with 3D scan results in Section 4.2.2. It took about 3 days for 
the simulation with 0.5 mm mesh size to complete on a 4 cores, 16 GB desktop. Due to time 
constraints, no further mesh refinement was performed.  
Table 8: Mesh statistics and maximum temperatures. 
Mesh	size	 Nodes	 Max	temperature	 Simulation	Time	
1	 45503	 5651.37	 2	hrs	
0.75	 82443	 4710.24	 5	hrs	
0.6	 139739	 4524.68	 2	days	





4.1.4 Quantification of the AM design, simulation, and manufacturing via 3D structured 
light scanning 
The AICON optical scan system was used to capture the 3D image of the printed design. The 
scanner was calibrated against a plate with makers at certain locations. The calibration yielded an 
accuracy of 2	µm. The part was fixed on a turn table at the focal point of the scanner cameras. 
Firstly, the turn table was automated to turn at every 36° so that a total of 10 images completed a 
360° view of the part. The angle change between two sequential scans was selected to make sure 
there is enough overlapping area between the two scans so that the scanned images can be 
stitched automatically or, if not, manually. At each part orientation, the projection unit of the 
system projects a sequence of fringe patterns onto the part. The cameras capture the projected 
fringe pattern and create an image of the scanned area. The brightness of the projector was 
adjusted to avoid overexposure. To better capture the surface with probably varying quality, two 

























allows for maximum four different exposure settings. Four shutters were taken at each turn and 
the average was computed to filter out noise. After the automated scanning, areas that had not 
been captured were scanned manually by adjusting the orientation of the part with respect to the 
camera and making sure area of interest was not hidden from the camera. The scanning process 
was repeated until all interested area was captured. A three-dimensional point cloud coordinates 
of the scanned object were calculated and can be exported as a STL file for processing. The 
inspector module of PolyWorks software (InnovMetric) was used to measure the geometric 
deviation of the printed part from the CAD model. The scanned object was best fitted with the 
CAD model at the base of the tracker and a color map showing the general deviation was 
obtained. Cross sections were taken at the four posts as well as at the vertical and horizontal 
planes of the base (Figure 56). Geometric deviations along the cross sections were obtained. 
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Figure 56: Cross sections where geometric deviations were measured. 
4.2 Results 
4.2.1 Topology optimization and build optimization 
Figure 57 displays design candidates obtained by applying topology optimization settings as 
shown in Table 9.  
Table 9: Topology optimization settings-Scenario 1. 
Load direction Load magnitude Volume fraction Overhang constraint 
Multiple 30N 30%, 25%, 20%, 15% 45° 
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Figure 57: TO with 45° overhang constraint and volume fraction of 30%, 25%, 20%, and 15%. 
At about 15% volume fraction, disconnection started to occur in the design.  Even with the 
overhang constraint applied in the structural topology optimization algorithm, support structures 
are still required under the left and right posts, as they are local minima which require anchoring 
during the layer by layer LPBF process.  Design feature post-processing is necessary to generate 
self-supporting designs. As a result, a decision was made to run topology optimization without 
the overhang constraint in order to get more relaxed designs and then manually modify them to 
make them self-supporting.	
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Figure 58 is a series of designs with topology optimization settings as listed in Table 10. At 
about 5% volume fraction discontinuity starts to occur in the design.  
Table 10: Topology optimization setting-Scenario 2. 
Load direction Load magnitude Volume fraction Overhang constraint 




Figure 58: Multiple load cases TO with 30%, 25%, 20%, 15%, 10%, 5% volume constraint. 
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A Pareto front plot (Figure 59) showing the relation between design volume fraction and 
compliance (related to strain energy) was created, as the objective of this topology optimization 
is to minimize strain energy (i.e., maximize stiffness) while keeping the design as light weight as 
possible. It is shown that when volume fraction is larger than 10%, compliance does not decrease 
much as volume fraction increases. As a result, the topology design with 10% volume fraction 
was used as a reference to create a smooth, self-supporting final design. 
 
Figure 59: Pareto Front for topology optimization with multi-directionally load cases. 
 In Inspire, polynurbs were drawn around the topology structure to smooth out the facets, while 
keeping in mind that all overhangs should have angles larger than 45° relative to the build plate 
unless the overhang area is small. Inevitably, the final design would not follow the optimized 
topology design exactly. Some overhangs were eliminated or made self-supporting by rib 
structures. Some regions were reinforced as they may be too thin to print. The first iteration of 
the design, which is called the “Cobra”, was created as shown in Figure 60. The cobra design 
grows “smoothly” from the build plate without major jumps in cross sectional areas within one 
layer and without any >45° overhang features, hence no support structure is required during 
fabrication via LPBF. It can be noticed that machining allowance (extra materials of about 5 mm 
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thick) were added to the posts and the bottom of the design. It is desired that, even though the 
part may be distorted after removal from the build plate, there is enough material left for post-
machining to achieve positional and dimensional accuracy.  
 
Figure 60: Cobra design before (left) and after (right) post-machining. 
Stress analysis was performed on the Cobra design to evaluate its performance under the same 
loading conditions as applied in topology optimization. Results were listed in Table 11. The total 
mass of the Cobra tracker demonstrator is 73.5 g. The original tracker product assembly is 54 g. 
With loadings each of 30 N acting on the posts, the minimum safety factor is 3.178. In fact, a 
force as large as 30 N is unlikely to be applied on the tracker while the bottom is fixed during 
operation. As a result, the Cobra design is conservative on fail-safe and material may be removed 
from the design in next iterations.  
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fraction  Compliance 
Minimum 
safety factor 
76.5 g 9.7% 0.1967 3.178 
Similarly, topology optimization was run with only normal forces acting on the posts of the 
tracker. Detailed settings were listed in Table 12. Figure 61 shows that, at about 5% volume 
fraction, the design started to become disconnected. 
Table 12: Topology optimization settings-Scenario 3. 
Load direction Load magnitude Volume fraction Overhang constraint 













Figure 61: Single load case TO with 30%, 25%, 20%, 15%, 10%, 5% volume constraint. 
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The Pareto front plot (Figure 62) implies that when volume fraction is larger than 10%, 
compliance change becomes less sensitive to volume change of the design. As a result, it was 
aiming to create a design with 10% volume fraction of the design space.  
 
Figure 62: Pareto front for topology optimization with single load case. 
Polynurbs were also drawn around the topology structure of 10% volume fraction when trying to 
trace the topology design and modify it so that it can support itself. The modified design, which 
is called the “ET”, was created as shown in Figure 63. No support structure is needed during the 
fabrication of the ET design. Machining allowance (extra materials of about 5 mm thick) were 
added to the posts and the bottom of the design.  
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Figure 63: ET design before (left) and after (right) machining. 
Stress analysis was performed on the ET design to evaluate its performance under the same 
loading conditions as applied in topology optimization. Results were listed in Table 13. The total 
mass of the ET is 69.3 g which is of 8.3% volume fraction of the design space. The minimum 
safety factor is 2.468 under the same loading as in topology optimization. The ET design is 
lighter than the cobra design but it is slightly heavier than the original assembly. 







69.3 g 8.3% 0.0717 2.468 
Although at the first iteration, the Cobra and ET designs are heavier than the original tracker 
assembly, they are stiffer than the original design. The original design will yield under the 30N 
multi-directional loadings as the stress analysis results shown in Figure 64. It is possible to 
further reduce the weight of the Cobra and ET designs while making sure the performance is still 
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acceptable. For the first iteration, the Cobra and ET designs were printed and post-machined in 
order to examine the machinability of complex AM parts.
 
Figure 64: Safety factors of different tracker designs.	
4.2.2 Geometric fidelity quantification of the AM design versus simulation and fabricated 
part 
Best fit alignment at the base of the part between the scan data of the printed parts and the CAD 
as well as between the simulated geometry and the CAD were performed (Figure 65). The best 
fit alignment compared every point in the scanned or simulated data with their nearest 
neighboring point in the CAD and calculated a displacement distance. By applying the least 
squares algorithm the scanned or simulated point set was transformed so that the sum of the 
squared distance between the matching points in the two sets is minimal.  
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Figure 65: Best fitted region (red) for scanned printed parts and CAD, and simulated part and CAD. 
Table 14 and Table 15 summarized the alignment statistics of the Cobra and ET designs with the 
CAD respectively. Both the scanned and simulated geometries align well with the CAD at the 
base. For the Cobra and ET designs, both the scanned and simulated results show maximum 







Table 14: Cobra design scanned and simulated geometric distortion with best-fit alignment at the base with CAD. 
 Scan-CAD Simulation-CAD 
Iterations 6 6 
















Table 15: ET design scanned and simulated geometric distortion with best-fit alignment at the base with CAD. 
 Scan-CAD Simulation-CAD 
Iterations 7 6 
Convergence 1.95312e-9 7.16334e-9 
Distortion 
measured at 







Table 16 compares general scanned and simulated distortion of the Cobra design with best fit 
alignment at the base. The scanned tracker and the simulated tracker deformed in opposite 
directions which lead to negative distortion values (a lack of material compared to CAD) at the 




Table 16: Cobra design general scanned and simulated geometric distortion with respect to CAD. 





Table 17: ET design general scanned and simulated geometric distortion with respect to CAD. 






Table 17 shows the comparison between the scanned and simulated general distortions of the ET 
design. Results show that in the case of the ET design where the upper post is not connected to 
the left or right post as it is in the Cobra design, actual deviation observed at the tip of the upper 
post (1.198 mm) is more significant than that in the Cobra design (-0.172 mm). This implies that 
distortion of printed parts is, as anticipated, geometry-dependent. The scanned and simulated 
distortion deform in the same direction but the amount of distortion is underestimated in the 
simulation. 
Table 18 and Table 19 display the scanned and simulated distortion measured at post cross 
sections of the Cobra and ET designs. For the Cobra design, the scanned and simulated parts 
both shifted downwards by about 0.1 – 0.5 mm at the posts. The scanned cross sections are 
slightly smaller than the CAD while no obvious difference is observed in the size of the post 
cross sections of the simulated part and the CAD. The post positions of the scanned and 
simulated ET tracker also shifted downwards compared to the CAD model with the printed upper 
post shifted down by as much as about 1.5 mm which was underestimated by the simulation.   
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Table 18: Cobra design scanned and simulated distortion with respect to CAD (grey) measured at the post cross sections. 









Table 19: ET design scanned and simulated distortion with respect to CAD (grey) measured at the post cross sections. 










Distortion of printed parts can be minimized through design optimization, since distortion is 
dependent on part geometry, as it was demonstrated in the Cobra and ET designs. If the 
simulation can predict distortion accurately, it is possible to compensate the design in order to 
pre-emptively minimize the distortion after printing or to change design features sensitive to 
distortion. For instance, the Cobra design has interconnected features between posts, whereas the 
ET design has free posts.  
There are factors which may have led to the deviation between the scanned (actual) and 
simulated geometric distortion. For example, the thermomechanical model used may have not 
been able to capture enough physics of the LPBF process. Some of the uncertainty lies in the 
modeling of the laser-material interaction, where the complexity of the material melting, 
vaporization, and solidification is simplified to reduce computation time. Especially for complex 
geometries which consist hundreds of layers, errors could build up as layer increases. To this 
effect, the print parameters used in this simulation may not reflect accurately the true process 
parameters in effect. Simulation parameters typically need to be tuned against the measured 
temperature or distortion. Also small errors which occurred in the best fit alignment at the base 
can be magnified at the post tips due to the fact that the upper post is about 15 mm away from 
the base. 
The thermal simulated distortion may not reflect the actual distortion accurately. The as-printed 
part therefore cannot fulfil perfectly the desired positional and dimensional precision, as such, 
machining allowance of about 5 mm thick was added to regions where post-machining is 
required to produce matting surfaces that are within tolerance. 	
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Chapter 5  
Design and Manufacturing Considerations for Machining 
The experimental work involved in this section was done in collaboration with the Precision 
Control Lab (PCL). The role of the author was data collection and analysis of cutting tests and 
chatter stability of the milling cutter. Chatter stability comparison of different fixturing methods 
was done with the help of Dr. Ahmet Okyay from PCL. Machining of the trackers was done at 
the facility of Renishaw Canada. Machining parameters and tool path planning was done by Mr. 
Carl Hamann from Renishaw. 
5.1 Methodology 
5.1.1 Cutting Coefficients Identification  
Microstructure and mechanical properties of AM parts may be influenced by printing parameters 
and, as a result, cutting force coefficients of AM parts may differ from conventional parts made 
of the same material. Cutting tests have been conducted on AM Ti64 artifacts to identify cutting 
force coefficients experimentally. 
The cutting tests were conducted using the 3-axis Haas CNC machine (Figure 66). A dynamometer 
(Kistler, 9255A 3-component stationary dynamometer) was mounted on the worktable to measure 
cutting forces in the workpiece coordinate system. The artifact was fixed on the dynamometer with 
a vise. The top surface of the artifact was milled ahead of time so that it is perpendicular to the 
cutter. The dynamometer was connected to a charge amplifier from which the output was sent to 
a data acquisition card (NI DAQCard). The measurements obtained through the NI DAQCard were 
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processed using MALDAQ software by CutPro®. In collecting data, a sampling frequency of 
10240 Hz was used without any filtering.  
 
Figure 66: Cutting test setup. 
A series of cutting tests in the down-milling direction were performed with a 4 flutes, 12.7 mm 
coated carbine helical end mill with a 5° rake angle. As listed on Table 20, different 
combinations of cutting parameters (i.e., radial immersion, depth of cut and spindle speed) were 
considered to explore their effects on cutting coefficients. Each experiment was run at 6 different 
feedrates and was repeated several layers into the workpiece until there was not enough material 
left for cutting. Each experiment was repeated at least 3 times. For ¼ radial immersion milling, 
cutting at each feedrate was repeated twice at each layer (Figure 67).  
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Table 20. Cutting conditions for cutting experiments. 
Experiment No. Artifact Radial immersion 




1 Stripe 1/2 1 1750 
2 Stripe 1/2 3 1750 
3 Stripe 1/2 3 1000 
4 Stripe 1/4 3 1750 
5 Meander 1/2 1 1750 
6 Meander 1/4 3 1750 
7 Meander 1/4 3 1570 
 
 
Figure 67. ½ and ¼ immersion milling tests on artifacts. 
The average was taken among one hundred force cycles in the steady state region of the 
measured cutting forces (Figure 68).  
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Figure 68: Sample cutting forces in the steady state region. 
The average forces per tooth period were calculated which were then plotted versus feed per 
tooth. According to Equation (2.5.1.17)-(2.5.1.19) in Section 2.5.1, average forces per tooth 
period (𝐹g, 𝐹u, 𝐹x) and feed per tooth (𝑐) have linear relationship. As a result, linear regression 
was taken between average forces and feed per tooth and the slopes and y intercepts of the fitted 
trend lines were identified (Figure 69). Cutting coefficients were obtained by solving Equation 






























































































































































5.1.2 Modal Analysis 
The vibratory dynamics of a machine tool structure needs to be measured in order to predict the 
maximum stable depth of cut as a function of spindle speed. Impact hammer testing was 
conducted at the tip of the milling tool in X and Y directions (Figure 70) to obtain the FRFs 
(frequency response function). 
 
Figure 70: Impact hammer testing at milling tool tip in X and Y direction.  
An accelerometer (Dytran Instruments, model: 3055AG) was attached to the tip of the milling 
tool using special wax to measure acceleration under excitation with a sensitivity of 96.2 mV/g 
(output signal). An impulse hammer with force sensor and a medium tip (white plastic) (PCB 
Piezotronics, model: TLD086C01) was used to hit the tool at the tip with as perfect an alignment 
as possible with the axis measured (input signal with a sensitivity of 11.2 mV/N). Data was 
collected in the frequency range from 0 to 10000 Hz. Five measurements were taken in each 
direction and the average was computed in order to cancel out random errors such as electrical 
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noise during the impact harmer testing. The measurements were processed by using the tap 
testing module MALTF by CutPro®.   
The natural frequencies and damping ratios of the machine tool system were identified by using 
the “peak picking method” [111]. The peaks or dips of the imaginary part of the accelerance FRF 
occur at natural frequencies. After finding the natural frequencies (𝜔&, where the subscript 𝑟 
denotes the mode number), the damping ratios can be extracted from the real part of the 
accelerance FRF. The peak/dip frequency pairs (𝜔&,@	𝑎𝑛𝑑	𝜔&,s) in the real accelerance FRF plot 
each of which enclose a natural frequency were identified. For example, the accelerance FRF of 
a single degree of freedom (SDOF) system is shown in Figure 71. The natural frequency of the 
system 𝜔@ is 5000 Hz. The peak/dip frequency pair (𝜔@,@, 𝜔@,s) is observed at (4759, 5286) Hz. 
The damping ratio (𝜁&) can be calculated from the frequency pair using [111]: 
 𝜁& =
F,__ ?F,§_ F _
F,§_ F,__
. (5.1.2.1) 
The Imaginary peak (𝑄&) of the accelerance FRF is identified as 𝑄@= 10 
©
*_l




Figure 71: Accelerance FRF of a SDOF system. 
The constituent modes broken-down from the FRF can be synthesized by superposition of the 
identified modes. By comparing the synthesized FRF to with the measured FRF, the accuracy of 
the identified modes can be assessed.  The accelerance FRF (𝐴(𝜔)) is synthesized using the 
following formula:  








 is the excitation to natural frequency ratio.  
The displacement frequency response (receptance (𝐷(𝜔)) of the impact hammer testing can be 
obtained from the accelerance FRF by the following relation: 
 𝐷 𝜔 = S()
?_
. (5.1.2.3) 
It is known that the imaginary part of a SDOF receptance FRF 𝐻 𝜔  can be expressed as: 




where	𝑘& is the modal stiffness.  
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It can be noticed that when 𝑧& = 1, the imaginary receptance has a peak value (𝐼𝑚𝑎𝑔®.(¦) which 




















The receptance FRF can also be synthesized as: 




&@ . (5.1.2.9) 
 
5.1.3 Chatter stability lobes of the milling cutter  
In the actual machining process of the tracker posts, an 8 mm, 5 flute carbine coated milling 
cutter with a 5° rake angle was used. Ideally, cutting force coefficients should be identified for 
the new cutter-material combination. However, in this study, cutting force coefficients obtained 
from Section 5.2.1 were used when generating the chatter stability lobes as the cutter used in the 
cutting tests was made of the same material and has the same rake angle. Chatter stability lobes 
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of the milling cutter were generated using the “Zero Order” analytical solution as described in 
Section 2.5.2. Frequencies around the natural frequencies were scanned as the chatter 
frequencies occur near natural frequencies. Chatter stability lobes of the milling cutter (assuming 
the workpiece is rigid) for full, half, a quarter and 2.5% of the diameter of the cutting radial 
immersion cuts were compared.  
5.1.4 Chatter stability lobes of the workpiece-fixture assemblies  
In order to mount the printed part on the CNC machine for post-machining, an encapsulating 
fixture was designed and printed using ABS material (Figure 72). For the Cobra design, since the 
scanned geometric distortion is small which is within 0.5 mm, the cavity of the fixture was 
created by subtracting the CAD model of the Cobra design from the fixture. For the ET design, 
since the geometric distortion is as large as about 1.5 mm, the cavity was made by subtracting 
the scanned geometry of the ET design from the fixture.  
 
Figure 72: Encapsulating fixture. 
During the inspection process of the Cobra design, the machined upper post of the tracker was 
out of tolerance (±25 µm) due to the fact that the tracker had been deformed under the clamping 
force exerted by the fixture. Once released from the fixture after machining, the tracker sprang 
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back and as a result, the high positional precision requirement could not be reached. The fixture 
with cavity created based on the scanned data of the tracker may solve the deformation issue but 
the suitability of the same fixture with parts printed at different location of the build plate or 
different machines cannot be guaranteed. 
 An alternative fixturing solution is to stabilize the tracker directly under the posts to be 
machined using UV cured adhesive polymer (Figure	73). It is suitable for fixturing flexible parts 
but the limitation is the accessibility of the UV device to some region of the part. For example, 
the UV device was blocked from the lower post of the tracker (image on the left of Figure	73). 
Severe vibration was observed when machining the lower post since it is not supported. As a 
result, a small fixture encapsulating the lower post was used along with the UV cured polymer 
fixture. The result shows that the specified tolerance is achievable. 
	
Figure	73:	Fixture	with	UV	cured	adhesive	polymer.	
Chatter stability of the Cobra design mounted on the CNC machine with the ABS encapsulating 
fixture and the UV cured adhesive glue was compared to examine the stiffness contribution of 
the fixturing methods. Hammer impact testing was conducted on the Cobra design alone, the 
Cobra design encapsulated in a 3D printed ABS fixture and the Cobra design secured by UV 
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cured glue (Figure 74). An impact hammer (Dytran Instruments, model: 5800SL) hit the tracker 
at each post in X and Y directions. An accelerometer (Dytran Instruments, model: 3055AG) 
attached in the opposite direction measured acceleration outputs. The chatter stability lobes at 
each post position were generated using CUTPRO® by MAL, Inc.  
 
Figure 74: Impact hammer testing on different workpiece-fixture assemblies.	
5.2 Results 
5.2.1 Cutting coefficients identification 
The accuracy of the cutting force coefficients was evaluated by calculating the RMS error and 
the average percentage error of the simulated average forces per tooth period against the 
measured average forces for each experiment. Cutting force coefficients identified for each 
experiments were summarized in Table	21 with the corresponding average RMS and percentage 
errors of the simulated forces. 	
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By discretizing the helical milling tool along the length (Equation (2.5.1.11)-(2.5.1.13)) and 
summing up forces in the X, Y, and Z directions, cutting forces (𝐹g, 𝐹u, 𝐹x) were simulated 
analytically. Figure 75 and Figure 76 are simulated versus measured forces obtained on the stripe 
artifact for half and a quarter radial immersion down-milling with 3 mm depth of cut, 1750 rpm 
spindle speed, and 132.5 mm/min feedrate. Additional simulated and measured cutting forces 





















1 2779.9 1576.6 12.4 42 1.48 6.20% 3.68 4.91% 
2 2689.4 1652.7 12.8 38.7 4.32 7.95% 6.81 2.94% 
3 2475.8 1414.6 18.7 47.1 3.02 5.63% 5.06 1.57% 
4 3061.7 2257.7 14.1 51.2 0.34 3.72% 7.58 4.94% 
5 3234.2 2011.9 13 56.1 2.71 8.80% 3.21 3.31% 
6 3130.4 2246.1 14.9 56.2 0.58 4.71% 1.41 0.63% 
7 2913.7 1796.9 17.2 61.6 0.51 9.08% 1.69 0.76% 
The experimentally obtained cutting force coefficients variy as material and cutting conditions 
change. Researchers have discovered that cutting force coefficients are dependent of cutting 
conditions such as spindle speed, feedrate, axial depth of cut, and radial depth of cut. Cutting 
process and chip formation mechanics change with varying cutting speed, which leads to the 
change in cutting coefficients [112][113]. The accuracy of the predicted cutting force relies on 
the accuracy of the identified cutting force coefficients. However, the profound relationship 
between cutting conditions and cutting coefficients is out of the scope of this study. Usually, 
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cutting coefficients are identified for a set of cutting conditions and applied on other cutting 
conditions. For this study the average of the identified cutting coefficients was taken separately 
for stripe and meander AM parts (Table	22).  
Table	22:	Average	cutting	force	coefficients.	
  𝐾5" (N/mm2) 𝐾&" (N/mm2) 𝐾5. (N/mm) 𝐾&. (N/mm) 
Stripe 2751.7 1725.4 14.5 44.8 
Meander 3092.8 2018.3 15.0 58.0 
 
Figure 75: Half immersion down-milling. 
 
Figure 76: 1/4 immersion down-milling. 
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Table	21 as well as the figures displaying one cycle of the simulated and measured forces show 
that the simulated and measured cutting forces have good correlation in X and Y directions with 
an error less than 10% in the X direction and an error less than 5% in the Y direction. Data 
drifting occurred during data collection with the dynamometer which lead to inaccurate 
measurements. Also, since the average cutting force in Z direction is small, high percentage 
errors were observed in Z direction. As a result, simulated and measured forces comparison in Z 
direction was excluded. 
5.2.2 Modal analysis 
Eight modes are identified in each direction and the corresponding vibration parameters are 
summarized in Table 23 and Table 24. Some minor modes were neglected. The vibration 
parameters were identified using the method described in Section 5.1.2. Efforts were spent on 
tuning some of the vibration parameters against the measured FRF especially when modes are 
close to each other.   
Table 23: Vibration modes in X direction. 
Milling tool X 
Mode Natural freq [Hz] Damping ratio Stiffness [N/m] Mass [kg] 
1 808 0.04 8.87E+07 3.4396 
2 1017 0.05 4.18E+07 1.0247 
3 1333 0.06 4.05E+07 0.5767 
4 1696 0.045 5.61E+06 0.0494 
5 1906 0.02 3.80E+07 0.2649 
6 2216 0.05 8.33E+06 0.0430 
7 4414 0.022 1.82E+07 0.0236 
8 4911 0.03 5.29E+07 0.0556 
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Table 24: Vibration modes in Y direction. 
Milling tool Y 
Mode Natural freq [Hz] Damping ratio Stiffness [N/m] Mass [kg] 
1 766 0.02 2.55E+08 10.9903 
2 977 0.05 8.13E+07 2.1575 
3 1273 0.04 6.91E+07 1.0795 
4 1707 0.06 6.08E+06 0.0529 
5 1895 0.04 1.51E+07 0.1065 
6 2240 0.07 6.74E+06 0.0340 
7 4432 0.02 1.68E+07 0.0216 
8 4941 0.05 2.75E+07 0.0286 
Figure 77 and Figure 78 are the measured and synthesized receptance FRF plots in X and Y 
direction. One of the receptance was synthesized using the damping ratios (𝜁&) and the imaginary 
peaks of accelerance (𝑄&) of the identified most significant modes. The other receptance was 
synthesized using the identified modal stiffness (𝑘&) and mass (𝑚&). Result show that the 
synthesized receptance FRFs match well with the measured FRF. 
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Figure 77: Measured and synthesized accelerance FRF in X direction. 
 
Figure 78: Measured and synthesized accelerance FRF in Y direction. 
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5.2.3 Chatter stability lobes of the milling cutter  
Figure	79-Figure	81 are chatter stability lobes created for the 8 mm milling cutter given the 
identified cutting coefficients (Section 5.2.1) and vibration parameters (5.2.2) for ½ (4 mm), ¼ 
(2 mm), and 2.5% (0.2 mm) radial immersion down milling respectively. The axial depth of cut 
and spindle speed combinations which lie below the chatter stability lobes are considered stable. 
It can be observed that mode 4 (blue) with a natural frequency of about 1700 Hz and mode 7 
(cyan) with a natural frequency of about 4400 Hz were the most significant modes which restrict 
the chatter free axial depth of cut. As radial immersion increases the allowable chatter free depth 
of cut increases given the same spindle speed from about 0.2 mm for ½ radial immersion down 









5.2.4 Chatter stability lobes of the workpiece-fixture assemblies 
Figure 82 displays FRFs obtained at four posts of the tracker with different fixturing methods. 
And Figure 83 shows the corresponding chatter stability analysis results. The blue FRFs (stand) 
were obtained when the tracker was constrained at the base only and all posts were unsupported. 
The red FRFs (fixture) were for the tracker and encapsulating fixture assembly and the green 
FRFs were for the tracker mounted with UV cured polymer. Results show that the encapsulating 
fixture has higher performance at location 1, 2 and 4 since it allows for a more aggressive axial 
depth of cut given the same spindle speed. The UV cured polymer solution performs better at 
location 3 since it used a printed plastic enclosure for the lower post. Although the encapsulating 
fixture performs better than the UV cured polymer method, there is a risk that fully enclosing the 
fixture would deform the part prior to machining as mentioned earlier. As a result, the printed 
plastic fixturing method may be more applicable to cases where the parts are not as flexible as 
the tracker or the tolerance requirement is not as strict as in this case. The lowest vibration mode 
occurs at 196 Hz when the tracker is constrained at the base only, as opposed to 1115 Hz when 
the encapsulating fixture was used. Both fixturing methods improve the stiffness of the tracker 




Figure 82: FRFs obtained at four posts. 
 
Figure 83: Tracker posts chatter stability. 
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Chapter 6  
Deployment of Additive Manufacturing and Post-Processing Machining  
The fabrication and inspection processes were done in collaboration with Renishaw Canada 
Solutions Centre, with the assistance of Mr. Mark Kirby,	Additive Manufacturing Business 
Manager and Mr. Carl Hamann, Solution Centre Manager.   
 
Figure 84: Post-processing of the trackers: (a) powder removal; (b) heat treatment temperature curve, (c) part removal from 
build plate and support structure removal. 
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As mentioned the earlier, the trackers were printed on the AM 400 LPBF machine with 
QuantAM’s default recipe “Ti6Al4V_200_1112_08_30um_stripe” (Table 6). Figure 84 shows 
post-processing steps after the fabrication of the trackers via LPBF and before the machining 
process. After the removal of excessive powder, the build plate with the trackers attached to it 
were heat treated for the relief of residual stress. During heat treatment, the temperature was 
gradually increased to 850°C and was held at 850°C for about an hour. Then the parts were left 
to cool down to 100°C; the heat treatment is shown also in Figure 84 (b). Next, the trackers were 
cut off from the build plate by a band saw and support structures were removed as well. The 
trackers were sand blasted to clear up the uneven surface where the support structures were 
originally attached. A matte surface finish was left on the tracker after sand blasting which is 
intended for a non-reflective tracker body during operation in an optical navigation system.  
 
Figure 85: detailed drawing of the tracker post. 
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The two Cobra trackers were machined with one of the tracker being mounted on the CNC 
machine with the ABS encapsulating fixture and the other one being fixed by UV cured polymer. 
Positioning of the part on the CNC machining was done by applying Renishaw’s “multi-point” 
probing alignment method as mentioned in Section 2.3.2. Theoretically, minimum of 6 points 
were required to determine the ‘best-fit’ alignment between the workpiece axis and the machine 
axis with three point to determine the top plane, one point to constraint the X transition, one 
point to constraint the Y transition, and the last point to constraint the Z axis rotation. Figure 85 
is a detailed drawing of the tracker post. Machining planning was done in Fusion 360 by 
AutoDesk®. An 8 mm milling tool was used to rough (with 0.2 mm radial depth of cut) the 
equator diameter of the post to leave 0.1 mm stock material from the targeted diameter. Detailed 
machining parameters were shown on Figure 86. The posts were then machined to reach the 
targeted diameter with the same cutter. Lastly, a 12.07 mm diameter form tool was used to 
produce the chamfer form above and beneath the equator. In all cases the tools were cutting at 
about 5 mm depth of cut which is the height of the equator. It should be aware that the actual 
machining process was done before the chatter stability analysis of the cutter and the workpiece 
was conducted. According to the chatter stability lobe of the cutter (Section 5.2.3), for 2.5% 
radial immersion (equivalent to 0.2 mm radial depth of cut) down milling, chatter free axial 
depth of cut should be smaller than 2 mm for the selected spindle speed of 4890 rpm. This 
indicates that chatter may have occurred during the roughing process.  If the synergy process 
workflow is to be repeated for next design iterations, chatter stability analysis should be done to 
determine chatter free depth of cut and spindle speed prior to the machining process as if the 
workflow is followed correctly step by step.  
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Figure 86: Roughing parameters. 
Figure 87 were two machined Cobra trackers in the corresponding fixtures. Inspection results 
indicate that the clamping force of the ABS encapsulating fixture deformed the tracker prior to 
machining. The upper post was out of tolerance after the tracker being released from the fixture. 
For the UV cured polymer fixturing solution, the lower post experienced severe vibration 
because it was supported initially due to the accessibility of the UV device to the lower post. A 
plastic mold was printed to constrain and stiffen the lower post as shown on the right image of 
Figure 87. The plastic enclosure added to the lower post was able to dampen out the vibration.  
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Figure 87: Machined Cobra tracker. 
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Chapter 7  
Conclusions and Future Work 
7.1 Summary and conclusions 
In this thesis, a workflow which synergizes the AM and post-machining processes has been 
proposed and deployed in a case study of manufacturing a surgical tool using LPBF followed by 
post-machining. Using AM, the original tracker assembly was consolidated into one piece so that 
the high part rejection rate due to dimensional inaccuracy accumulation and tolerance violation 
during the assembly process. By post-machining of the mating surfaces, surface roughness was 
reduced and dimensional inaccuracy due to geometric distortion was corrected to fulfil functional 
requirements. Key findings and future work in regarding the synergy process are as follows: 
1) The magnitude of surface roughness was reduced from the order of between 100 and 101 
µm which is typical for an as-printed surface to the order of 10-1 µm by machining. 
2) Dimensional and positional accuracy of the printed part was improved by post-
machining. For instance, the maximum distortion of the ET tracker of 1.5 mm was 
reduced to be within tolerance by post-machining the reserved machining allowance. 
3) Geometric distortion was geometric dependent. The Cobra design with interconnecting 
posts distorted less compared to the ET design with free posts. 
4) Design space, load cases, minimal filter radius, manufacturing constraints can all effect 
the result of structural topology optimization. The most suitable design should be selected 
among all candidates considering functional and manufacturing requirements.  
5) In this study, the distortion simulation tended to underestimate the actual distortion of the 
tracker. An accurate simulation of the AM process involved multi-scale physics for 
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example, laser powder interaction, layer hatching and macro part build up. Simulation 
accuracy is still limited by computational cost.  
6) Unit cost, thermal induced distortion, and support structures were reduced through build 
orientation optimization.  
7) Work holding of complex AM parts is challenging. The encapsulating fixture provided 
good stiffness and damping to the tracker during machining, but the flexible tracker was 
pre-deformed under clamping force. The UV system addressed the pre-deformation issue. 
However, accessibility of the UV device to some regions of the part was prohibited.   
8) Cutting coefficients vary as cutting conditions change. Since accurate identification of 
cutting coefficients is fundamental to reliable cutting force prediction, chatter stability 
analysis and surface quality simulation, the relationship between cutting force 
coefficients and cutting conditions need to be studied. For AM materials, cutting force 
coefficients may also vary as AM parameters and part properties change. 
9) Instead of performing chatter stability analysis on the cutter only, the vibratory behavior 
of the AM part need to be included in the chatter free machining parameter planning as 
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